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STELLINGEN 
1 .  Bi j normale cavia's treedt in de eers te levensweek een 
ri jpingsproces op in de binnenste haarce l len van het orgaan 
van Corti , waardoor de synchrone electri s che activite i t  van 
de de ze ce llen inne rverende af ferente zenuwve zels toeneemt . 
2 .  Pos tnatale vermi nderde s timulatie en exci tatie van de 
zi ntui gce l len in het gehoororgaan van "wals "- cavi a ' s ,  leidt 
tot centripetale degeneratie van de afferente auditieve 
zenuwve z e ls . 
3 .  Naast de twee reeds bekende vormen van congenitale degene­
ratie van het gehoororgaan , n . l .  het coch leo-s acculaire 
type en he t scala media type , dient een derde vorm onder­
s chei den te worden , we lke op grand van de beperkte morfo­
logi s che afwi jkingen het haarce l type genoemd zou moeten 
worden . 
4. He t ve rdient aanbeve ling om bi j elke patient die een totale 
larynxexti rpatie ondergaat ti j dens de ingreep de " Groninger 
spreek-prothese" te implanteren .  
5 .  De spraak van ge larynge ctomeerden die gebruik maken van een 
fi s te l  tus sen trachea en s lokdarm , komt in principe op de­
ze l fde wi j ze tot s tand als de "gewone "  s l okdarmspraak 1 de 
betere kwaliteit is te danken aan de betere aandri j ving van 
de ge lui ds bron . 
6 .  Bij de chi rurgis che therapie van de sinus i ti s  max i l lari s 
ve rdient de endonasale antrostomie in de onders te neusgang 
de voorkeur hoven de operatie volgens Caldwe ll-Luc . 
7 .  Bij de bes lissing fibrinel i jm te gebruiken ti j dens operatieve 
ingrepe n dient in overwegi ng genomen te worden dat een k leine 
kans op het onts taan van serumhepati ti s  aanwe zig i s . 
8 .  Het vri j komen van geneesmidde len uit ve tte zetpi lbases hangt 
af van de grootte van het grensvlak dat de gesmolten zetpi l­
basi s  vormt tegen de mucosa van he t re ctum; z odoende is he t 
vo lume van de z e tpi l een even be langrijke grootheid als de 
dosering . 
9. Volgens de h ui di ge oncologi sche i n z i chten hee ft de zo 
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ANATOMI CAL TERMINOLOGY 
The four turns of the cochlea are des i gn ate d :  
firs t o r  b as al turn 
second or upper b as a l  turn 
thi rd or lower api cal turn 
fourth or api cal turn . 
In the coch le a :  Api cal - in the di re ction of the he li cotrema 
Basal - in the direction of the round window 
Me di al/Inner/Internal - towards the modi olus 
Late ral/Outer/External - towards the spiral ligament 
Upper - towards Reis sner's membrane 
Lower - towards the bas i lar membrane . 
Inne rvation : Affe rent/Centripetal - from the sensory ce l ls 
towards the centra l  
ne rvous sys tem 
Effe rent/Centri fugal - from the central nervous 
system towards the 





















- alte rnating current 
- compound action potenti al 
- ove rall summating potenti a l  
- coch lear microphonic 
- decib e l  
- direct current 
- diffe renti al s ummating potenti al 
- endolyrnphatic potentia l  
- herz 
- inne r h ai r  ce l l ( s )  
- potassium 
- ki loherz 
- rno lair 
- rni lli osmol 
- negative deflections of the AP 
- s odi um 
- nanornetre 1 0-6 rnm 
- organ of Corti potential 
- outer hair ce l l ( s )  
- osmi umte troxide 
- carbondi oxide tension 
- aci d value 
- oxygen tensi on 
RMS - root mean square 
SD - s tandard deviation 
SEM - scanning e lectron micros cope 
SP - s ummating potential 
SPL - sound pre s sure leve l 
SVP - scala ves tib uli potenti al 
TEM - transmi s s i on e lectron mi cros cope 
x - me an value 
1 .  INTRODUCTION 
Despite an accumulation of literature dealing with hearing 
theories the exact mechanism leading to sensory ce l l  excitation 
is still unrevealed . One of the mos t  obvious reasons for this 
lies in the deficient knowledge of the interrelationship b e tween 
the morphology of the sensory cel l  and its physiology . 
To investigate this relationship sensory ce ll pathology i s  
often introduced experimentally b y  supplying unphys iologic con­
centrations of oto toxic antibio tics or suprathresho l d  sound 
s timuli in order to create hearing loss in test animal s  as guinea 
pigs and cats . Such exogenous noxes , however ,  produce morphol­
ogical les ions in the entire inner ear to such an extent that 
the physiological resul ts have to be interpreted with grea t  
caution. 
In animals with gene tic deafness hearing loss comes up endo­
genously . In these animals such unphys io logic conditions are 
absent . Three main type s of genetic deafne ss can be distin­
guished , but not a l l  are suitable for investigation of the above 
mentioned relationship . The firs t ,  being the cochleo- saccular 
( S cheibe's ) type of degeneration involves the entire inner ear 
and part of the ves tibular apparatus . In the inner ear all walls 
of the cochlear duct as well as the s ensory ce lls and thei r  
nervous sys tem progre ss ively degenerate ( S cheibe , 1 89 2 ;  
Schuhknecht et al . ,  1 9 6 5 ;  Mai r ,  1 973 , 1 976 ; Mair and E lver land , 
1 977 ; Pedersen e t  al . ,  1 9 80 ) . The second type of genetic deaf­
nes s ,  the s cala media type , involves the l ateral wall of the 
cochlear duc t ( stria vasculari s ) , the sensory cells  and thei r  
nervous system. The vestibular apparatus remains unchanged 
( Quix , 1 9 07;  van Lennep , 1 9 1 0 ;  Gruneberg , 1 9 4 3 ;  Kikuchi and 
Hilding , 1 9 65) . 
The mos t  limited morphological alterations can be found in 
the third and thusfar unnamed type of degeneration,  first 
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des cribed in waltz ing guinea p igs b y  Ibsen and Risty ( 19 2 9 )  
and more e xtensively investigated b y  Ernstson ( 1970 ; 1971a,b ; 
1972 ) . The inborn les ion is characterized by degeneration of 
the sensory ce lls of the hearing organ and of the vestibul ar 
apparatus . The walls o f  the cochlear duct remain unchange d .  
The first alterations are found neonatal ly and appear to be 
res tricted to the tops of the s ensory ce lls  onl y ,  leaving the 
other parts of the inner ear unaffected (Ernstson , 1971 ) . 
Because of the l imited morphological a l terations young 
wal tzing guinea pigs provide an exce llent opportunity to study 
the relationship between physiology and morphology under normal 
external conditions . Moreover , it can be expected that a combi­
nation of e lectrophys io logical and detailed submicroscopical 
investigat ion into this hearing organ might add e lements towards 
better unders tanding of s ensory ce l l  excitation in the altered 
hearing organ . 
. . 
2 
2 .  THE GUINEA PIG COCHLEA 
The shape of the mature guinea pig coch lea (Fig . 2- 1 )  i s  
primarily de termined b y  four and a half turns of a spiralized 
tube around a bony central axis , the modiolus , through which 
the cochlear nerve and the spiral ganglion traverse . Thi s tube 
is divided into three compartments by the basi lar membrane and 
the Reissner membrane : scala vestibuli , scala media ( cochlear 
duct )  and scala tympani . The scala ves tibuli and the scala tym­
pani contain perilymph . In the apex of the cochlea these spaces 
communicate through an opening, the helicotrema . The cochlear 
duct (Fi g .  2- 2 )  contains endolymph and is bordered towards the 
scala tympani by the bony lamina spiralis and the bas i lar mem­
brane and towards the scala vestibuli by Reissner's membrane . 
The lateral wall of the cochlear duct is formed by the spiral 
ligament and the s tria vasculari s .  On the vestibular surface 
of the lamina spirali s the limbus spiralis is s ituated . Towards 
the modio lus the limbus spiralis is bordered by the insertion 
of Rei s sner's membrane and l aterally by the inner sulcus . The 
inner sulcus i s  lined with cuboidal inner sulcus ce lls  and con­
tinues towards the spiral ligament into the organ of Corti . 
The organ of Corti cons ists of sensory cells  fixed in a frame­
work of supporting ce lls and is covered by the media l  and outer 
part of the tectorial membrane . The tectorial membrane extends 
from the limbus spiralis towards Hensen's ce lls , the outermost 
of the supporting ce lls  of the organ of Corti . Between the organ 
of Corti and the spiral ligament the outer sulcus is s ituated,  
whi ch is lined by Claudius cells . 
2 . 1  The aoah Z e ar dua t 
The cochlear duct originates from the ectodermal otic p lacode . 
During fe tal life , thi s  structure differentiates into a 
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Fig. 2-1 : a) LatemZ view of the guinea pig aoahZea. The bony otia aapsuZe 
has been removed. The spiraZ Zigament (SL) and Reissner 's merrbrane 
(R) are visib Ze . (SEM 25:c) 
b) LatemZ view of the entire aoahZea after disseation of the 
spiraZ Zigament and the stria vasauZaris . The modioZus (Mo) and 
the basiZar merrbrane (BU) determine the shape of the aoahZea . 
(SEM 22:c) 
a) ApiaaZ view of the aoahZea. (SEM 22:c) 
d) Higher magnifiaation of a .  The he Ziaotrema (H) is the aommuni­
aation between saaZa vestibuZi and saaZa tympani. In the modioZus 
a b Zood vesse Z aan be seen. (SEM 125 :c) 
spirali zed tube surrounded by mesenchym, wi th a connecting bas al 
lamina in between . Thi s  mesenchymal tis sue condenses to form 
the connective membrane . The connective membrane in conj unction 
wi th the ectodermal epithelium evolves to cons titute the walls 
of the cochlear duct of the mature guinea pig . The structural 
parts of this wall cons ist of : 
- Reissner ' s  membrane 
- s tria vascularis 
- b as ilar membrane and 
- limbus spirali s .  
These structure s and the organ of Corti will be dealt with in 
thi s  chapte r .  
2 . 1 . 1  Re i s s ne r 's  memb rane 
Rei ssner1s membrane spreads out obliquely from the limbus 
spiralis to the vestibular crest of the spiral li gament and 
cons ists of two cell layers , separated by a basal lamina . The 
mesothelial cells , towards the scala vestibuli , have a flattened 
shape , except for the region of the nucleus which bulges into 
the perilymphatic space (Fig. 2- 3 ) . A fluid compartment is found 
between the mesothelial cells and the 40 nrn thin basal lamina . 
No j unctional complexes hamper the free pas sage of perilymph 
around these cells . The epithelial cells , towards the cochlear 
duct , show numerous microvilli on the cell surfaces .  Between 
the lateral cell margins multiple intercellular clefts of 
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Fig. 2-2: a) Cross section of the cochlear duct of a normal guinea pig. 
Lower part of the second turn . (LM 150x) 
b) Schematic drawing of a cross section of the cochlear duct 
corresponding to a. 
varying dimens ions are found . Each cleft is sealed from the 
endolymphatic space by a junctional complex , cons isting of tight 
junctions and desmosomes . Intrace l lularly coated vesicles are 
frequently observed,  particularly locali zed at the lateral 
borders . 
I t  is gene rally assumed that Reis sner's membrane is imper­
meable to ions , because vascularisation is absent and only smal l 
amounts of en zymes neces sary for active ion transport are avai l­
ab le ( Rauch , 1 9 6 4 ;  Matschinsky and Thalmann , 1970 ) . However ,  
according to Ros s ( 1 97 8 )  the struc ture of Reissner's membrane 
is suggestive for a role in creating or maintaining concentra­
tion gradients for ions across the epithe lial ce lls ; the vari­
able width of the intercellular clefts would visualize the func­
tiona l state of the epithelium. 
Fig. 2-3: Reissner1s membrane . In the fluid compartment between the flat 
mesothelial ce lls (MC) and the epithe lial ce lls (EC) a distinct 
basal lamina (BL) is interposed. On the epithe lial ce l ls many 
microvil li (Mv) can be seen. (TEM 12 .000x) 
N- Nucleus; Sa� Scala Media; ScV- Scala Vestibuli; Tj- Tight 
junction. 
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Mos t  tracers introduced into the scala ves tibuli do not pass 
Reissner ' s  membrane (von I lberg and Vos teen, 19697  Mnich, 1971) , 
albeit that for ferritin and thorotrast there appears to be a 
cytopemptic passage ( Rudert, 19 6 97 Hino j os a, 1971) . Recently 
Hunter-Duvar (1978)  suggested e limination of endolymphatic ce l l  
debris and l arge particles as a function o f  Rei ssne r ' s membrane. 
2 . 1 . 2  Stria v a s c u laris 
The stria vascularis i s  the pigmented lining of the lateral 
side of the cochlear duct, situated on the inner s ide of the 
spiral ligament (Fig . 2- 4 ) . It contains a network of cap i l l aries 
running mainly in a spiral direction (Axels son, 19 6 87 S ugar et 
al . ,  1972 ) . The ce lls of the stria vascularis, from ectodermal 
as we ll as from mesodermal origin, are intermingled having no 
bas al lamina underneath . 
Submicroscopically three types of ce lls  may be distingui shed : 
1 .  Marginal ce lls, forming the superficial cel l  layer, which 
are covered with some microvil li and microridges ( Horn et 
al . ,  1977 ) . Each cell extends with a s lender proce s s  through­
out the width of the stria vascularis. Thi s  proces s  contains 
a large number of mitochondria and a Golgi apparatus. The 
plasmamembranes are extens ively folde d .  
2 .  Intermediate ce lls, cons tituting the intermediate ce l l  layer, 
which have a cytoplasmic process extending upward between 
the marginal ce lls . The cytoplasm contains pigment. Therefore, 
these ce lls  are cons idered to be migrated melanocytes 
( Hi lding and Ginzberg, 1 977 ) . 
3 .  Bas al ce lls, which form a flat ce l l- layer separating both 
intermediate and margina l cells  from the connective tissue 
of the spiral ligament . These ce lls  contain a few mito­
chondria and microtubuli ( Santos-Sacchi, 1978 ) . 
It i s  especially the basal cell layer that forms an e f fective 
barrier lining the spiral l igament, as can be concluded f rom 
the presence of tight j unctions both on the endolymphatic and 
the spiral l igament s ide. In thi s  connection it can be noted 
that the marginal ce lls show some pinocytotic activity, a lbeit 
that no actual transport of tracers has been shown through the 
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Fig. 2-4: Apiaal half of the 
stT'ia vasaulaT'is (SV) , 
bordered by the spiral 
ligament (SL) . The in­
sertion of Reissner1s 
membrane (R) is the 
apiaal limitation of 
the stT'ia vasaulaT'is. 
(LM 450x) 
cytoplasm {Hino j os a ,  1 972 ) . 
The stria vascularis i s  a metabolic highly active tissue 
and is re spons ible for maintaining the endolymphatic potential . 
In addition to this e lectrical activity i t  is commonly accepted 
that the stria vascularis i s  the s ite of production of the endo­
lymph and probably p lay s an important role in maintaining the 
ionic compos ition of the endolymph {Konishi et a l . , 1 9 7 8 ) . 
2 . 1 . 3 Bas i lar memb rane 
The bas ilar membrane extends between the limbus spiralis 
and the spiral ligament {Fig . 2- 2 ) . It forms the bas al margin 
of the cochlear duct and originates from the connective memb rane . 
The bas ilar membrane can be subdivided into two parts : a 
pars tecta , extending from the limbus spiralis to the region 
be low the outer pil lar cel ls of the organ of Corti , and a pars 
pectinata , extending from the outer pil lar region towards the 
spiral li gament. 
The bas i l ar membrane is made up of radiating fibres , which 
9 





Fig. 2-5: Cross seation of the lateral insertion of the basilar membrane 
(BM) . The two bundles of aollagen �bres (RF) insert fan-wise 
in the spiral ligament (SL) . (LM BOOx) 
Cl- Claudius aells; Sa� Saala media. 
are constituted of bundles of collagen fibrils ( I urato, 19 6 7 ) . 
The fibres are embedded in and separated by ground substance . 
In the pars tecta these are lying side by s ide in scanty ground 
substance and are arranged transverse ly, having a continuous 
layer of ground substance bene ath . In the pars pectinata the 
fibres consist of small bundles of fibrils, each of which i s  
surrounded by ground substance . These fibres are arranged i n  
an upper and lower layer separated by ground substance in which 
some fibrils traverse from the upper to the lower layer . In the 
spira l li gament (Fi g .  2-5) and the spiral limbus (Fig. 2-6 ) the 
fibres insert fan-wise, thus anchoring the basi lar membrane . 
The width of the basilar membrane increase s  towards the apex 
of the coch lea, mainly caus ed by the increas ing width of the 
pars pectinata ( Fernandez, 1952� Thorn, 1975) . The thi cknes s  
gradually tapers towards the apica l turn .  Concomi tantly the num­
ber of fibres decrease (Carbe z udo, 1978 ) . Throughout the cochlea, 
the pars tec ta i s  the thinnest part of the bas i lar membrane . 
Towards the s cala tympani the basilar membrane is covered 
with the spindle-shaped ce l ls of the tympanic cover layer : tym­
pani c border ce lls . The ce lls  of this layer show some phago­
cytiz ing activity for thorotrast partic les (Ange lborg, 1974 ) . 
2 . 1 . 4 Limbus s p i ra l i s  
The limbus spiralis i s  situated on the bony lamina spiralis 
and i s  to be considered as a thickening of the connective mem­
brane (Fig. 2-6 ) . I t  cons i sts of some spindle- shaped ce lls and 
Pig. 2-6: Spiral limbus . The fibres (RF) of the basilar membrane (BM) spread 
out in the spiral limbus (LS), thus anahoring the basi lar membrane . 
The teatorial membrane (TM) aovers the interdental aells (D) 
arranged in Husahke 's teeth (Hu) . (LM 500x) 
IS- Inner sulaus; � Reissner 's membrane; SaM- Saala media. 
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a large quantity of intercel lular substance , in which a few 
blood ves sels and the outspreading fibres of the basilar mem­
brane are pres ent . Towards the lateral s ide the limbus spiralis 
has two rims : the ves tibular lip and the tympanic lip . In the 
region between the insertion of Reissner's membrane and the ves­
tibular l i p ,  the upper part of the limbus spiralis shows ridges , 
cal led the teeth of Huschke , alternating with interdental folds . 
Thi s  s urface of the l imbus spiralis is covered by a bas al lamina 
continuing late rally into the basal lamina of the basilar mem­
brane . However ,  between the tympanic lip and the pars tecta of 
the basilar membrane a transitional zone is found . Here the 
transverse ly oriented fibres of the bas ilar membrane are separ­
ated by foramina nervosa in the habenula perforata . These 
foramina form canals 1 - 3  �m width, lined with a basa l  l amina 
which is intersected only by cochlear nerve fibres . In the in­
terden tal folds ectodermal interdental ce lls  are oriented longi­
tudinally ,  forming rows of ce lls contacting each other . Between 
these cells  tight j unctions can be found ( I urato , 1 9 67 )  • The 
apical portion of the interdental ce lls protrude above the sur­
face of Huschke's teeth . The limbal part of the tectorial mem­
brane is cemented by a j e l ly-l ike substance to the apical part 
of the interdental cells ( I urato , 1 9 6 7 ;  Kronester-Frei , 1 9 7 8 ) . 
The apica l part of these cel l s  contains numerous vesicles , 
6 0 - 90 nm in diamete r ,  lying in close approximation to the plasma­
membrane (Lim ,  1 972 ) . These cells show secretory activity by 
cytopemptic t ransport and might expel material into the tec torial 
membrane or even through the tectorial membrane into the endo­
lymph of the scala media (Arnold and Vos teen , 1 979 ) . 
2 . 1 . 5  Organ of Co rti 
During fetal life the epithelium of the cochlear duct differ­
entiates into a media l  and a lateral cel l- ri dge , covered by a 
primitive tectorial membrane . Both epithelial ridges confluence 
during the development of the supporting ce lls of the organ of 
Corti . The apical region of this ridge is initially covered with 
microvill i .  Hair ce l l  morphogene sis begins with the development 
of a kino cilium and is followed by gradual modificat ion of 
1 2  
Fig. 2-7: a) Cross section of the organ of Corti of a young waltzing guinea 
pig. The tectorial membrane (TM) is loosened from the organ of 
Corti due to shrinkage during tissue processing. (LM 225x) 
b) Schematic drawing of the organ of Corti. 
BC- Borr:kr cell; BM- Basilar membrane; CT- Tunne l  of Corti; De­
Deiters ce lls; He- Hensen 's ce lls; I- Inner hair ce ll; IPC-
Inner pillar ce ll; IPhC- Inner phalangeal cells; IS- Inner sulcus; 
Nu- Nue l l 's space; 1, 2, 3- Outer hair ce lls 1, 2, 3 .  
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surrounding microvi lli into stereocilia ( L i , 1 978 ) . At the end 
of the fetal period the kinocilium degenerates , leaving as a 
remnant a basal body ( Engstrom e t  al . ,  1 9 6 2� Kimura , 1 9 6 6 ) . The 
last step in the development of the organ of Corti is the com­
ple te opening of the intraepithelial space s . This evolution i s  
completed t e n  days before b i rth ( Puj ol and Hilding , 1 973� Thorn , 
1 9 75) . Then the organ of Corti consists of sensory cel l s  sus­
tained by a framework of supporting cells ( Fi g .  2-7) , s eparated 
from the basi lar membrane by a thin basal l amina and covered 
by the intermediate and outer zone s  of the tectorial membrane . 
2.1 . 5 . 1  Sensory ce l l s  
In a cross section of the organ of Corti 2 types of hair 
cells , interspaced by the Corti tunne l , can be distinguished : 
the inner hair ce lls  ( IHC) and the outer hair cells  (OHC ) . 
The IHC , being arranged in a s ingle row , are s ituated at 
the modiolar side of the organ of Corti . These ce lls  have a 
somewhat irregular shape and are completely surrounded by sup­
porting ce lls . The round nucleus is oriented in the intermedi ate 
part of the ce ll . The array of the s tereocilia on the oval 
shaped cuticular surface of the IHC is almost linear . On each 
hair ce ll these s tereocilia are arranged in 3 to 4 rows of in­
creasing length� the shortest being localized on the modiolar 
s ide . Within each row the s tereoci lia are nearly of the same 
length . 
The OHC are arranged in 3 rows located on the spiral ligament 
side of the organ of Corti and are respectively des ignate d :  
OHC 1 , OHC2 , OHC3• These cells have a cylindrical shape and 
are - except for the apical part and for the base - bathed by 
the corti lymph ( Engstrom , 1 9 6 0 )  of Nuel l ' s  space . Supporting 
ce lls contact the OHC at the apical and basal parts of the hair 
cel l  only . The nucleus is locali zed in the lower third of the 
OHC . On each OHC the s tereocilia ( 3- 4  rows of increasing length) 
are arranged in a typical W- shape of which the angle between 
the limbs alters proceeding along the bas ilar membrane . In the 
apical turn the angle is smalle st ( approximately 6 0° ) �  in the 
basal turn it widens to about 1 2 0° ( Soudi j n ,  1 976� Engstrom 
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Fig. 2-8: Schematic d:raLJing of a submicroscopic cross section of IHC and 
OHC. The apical, zone (1) is main'ly determined by the steroeoci'lia 
(St) and the cuticu'laro p'late. The subapical, zone (2) contains 
severoa'l mitochondi'ia (Mi) . The intei'T'flecl:iate zone (3) differos 
between IHC and OHC. In OHC up to 7 'layeros of discontinuous 
merribroanes (DM) can be found. At the basa'l zone (4) the afferoent 
and efferoent nei'Ves innei'Vate. 
and Engstrom , 1977 ) . The cuticular surface has a triangul ar 
shape of which the dimens ions increase towards the b ase of the 
inner ear . 
Submicros copically ( Fig.  2 - 8 )  the IHC and OHC can be divided 
into an apical , a subapical ,  an intermediate and a basal zone 
( Iura to , 19 6 7) • 
i - The apical zone of both IHC and OHC i s  mainly determined 
by the cuticular plate and the s tereocilia bounded by the plasma­
membrane . The s tereocilia have a rounded tip . At the level o f  
the cuti cular surface the diameter o f  the stereocilium i s  con­
s tricted . In the center of each hair a central core is present 
which continues down into the cuticula . Towards the spiral 
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ligament side the cuticula shows an indentation . Here in young 
animals a basal body can be found . Thi s  bas al body is considered 
to be a remnant of the kinocil ium . The ce l l  j unctions of the 
lamina re ticularis between the hair and supporting ce lls are 
of the occluding type . 
ii - The subapical zone contains several mitochondri a ,  an exten­
sive endoplasmic reticulum and some lysosomes . In the OHC lame l­
lated body ' s  ( Hensen body ' s ) can be found , surrounded by a num­
ber of mitochondria . Towards the cel l  margins a single l ayer 
of discontinuous membranes is situated . 
iii - In the intermediate zone of the OHC up to 7 layers of 
discontinuous membranes can be found . A row of elongated mito­
chondria lines these membrane s . The central part of the cel l  
a t  this level shows glycogen granule s ,  some ribosomes and a 
few mitochondria . In contrast with these OHC the IHC show only 
a s ingle layer of discontinuous membranes . The cytoplasm con­
tains free c lusters of ribosomes , an extensive rough surfaced 
endoplasmic re ticulum , some mitochondria and glycogen granule s . 
iiii - The basal zone of both IHC and OHC contains an extended 
endoplasmic re ticulum , ribosomes , small rounded mitochondria 
and , more basally an accumulation of ve sicles of varying dimen­
sions . The number of di scontinuous membranes diminish up to 
a s ingle layer li ning the p lasmarnembrane . The innervation of 
the hair ce lls by afferent and efferent nerves is distributed 
along thi s basal part of the cel l . In IHC the region adj acent 
to afferent ne rve endings regularly shows a synaptic bar ; the 
region adj acent to effe rent nerves has a pos tsynaptic ci s terna , 
a membranous compartment of which the dimensions appear to be 
equal to the outermost layer of the di scontinuous membranes .  
In the various turns of the cochlea the dimensions of the 
hair ce lls  diffe r .  With respect to the lower turns the cells 
lengthen towards the apex and within each level of the cochlea 
the ce lls of the outermos t  row of OHC (OHC 3 ) are longer compared 
to the ce lls of the OHC1• The width of both IHC and OHC de­
crease s  towards the apical turns . 
The angle between the IHC and the basilar membrane is nearly 
constant at 6 5° throughout the coch le a ;  the angle between the 
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OHC and the basilar membrane , however , decreases progres s ively 
from the base to the apex from about 45° to 20° ( Fernande z ,  
1 95 2 ) . 
2 . 1 . 5 . 2  Supporti ng oe Z Zs 
The supporting elements o f  the organ of Corti consist o f  
supporting cells with and without filaments . Both cell type s  
extend from the basilar membrane t o  the surface of the organ 
of Corti where they form the re ticular lamina in conj unction 
wi th the apical part o f  the OHC . At this apical part all sup­
porting cells show an abundance of microvilli . The cell j unc­
tions between supporting cells and adj acent hair cells are 
formed by tight j unctions (zonula occludens ) which serve as 
a barrier to the pas sage of ions and small molecules (Iurato 
et al . ,  1 9 77, Luciano et al . ,  1 977� Nadal , 1 9 7 8 ) . At the bas ilar 
membrane surfaces the cells show widely patent intercellular 
spaces . Here no tight j unctions are found (Nadal , 1 97 8 ) . These 
junctions permi t a free passage of fluid and molecules . 
The supporting cells containing filaments consist of : 
- pillar cells , forming the tunnel o f  Corti , and 
- Deiters cells , localized below the OHC . 
The supporting cells without filaments are : 
- border cells , the medial boundary of the organ of Corti� 
- inner phalangeal cells , the supporting cells of the IHC� 
- Hensen ' s  cells , the lateral limitation of the organ o f  
Corti . 
i - The central supporting construction in the organ of Corti 
is formed by the inner and outer pillar cells . The number of 
inner pillar cells exceed that o f  outer pillars . The "head" 
o f  the inner pillar cell , is connected laterally to the apical 
zone of the first row of OHC and medially to the apical part 
of the IHC . It has an excavation for the zonula adherens with 
the outer pillar cell . The head of the outer pillar cell i s  
connected to the OHC1 and the OHC 2• Towards the modiolus the 
inner pillar cells form ,  together with the inner phalangeal 
cells and the IHC , the continuous medial lining of the tunnel 
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o f  Corti . Between the outer pillar cells a wide intercellular 
communication wi th Nuell ' s  space exists . The main part of the 
cytoskeleton of the pillar cells is formed by microtubules 
{� 27 nm) and micro filaments {� 6 nm), arranged in a regular 
array {Angelborg and Engstrom, 1 972 ) . These originate at the 
basal zone of the pillar cells , then become densely packed i n  
the middle portion and finally fan out into the electrondense 
material in the ap ical part of the cell . The cell extensions 
towards adj acent hair cells also contain thes e  radiating mic ro­
tubules and microf ilaments . In the rat the number of micro­
tubules pe r pillar cell decrease from the basal turn {40 0 0 ) 
towards the apex {20 00 ) {Iurato , 1 9 67 ) . 
ii - The cytoskeleton o f  the supporting cells below the OHC , 
the Deiters cells , is s imilar to that o f  the pillar cells. The 
cell body rests on the basal lamina of the bas ilar membrane. 
Adj acent Dei ters cells form a cup-shaped part enveloping the 
base of an OHC . A phalangeal process extends up to the surface 
of the organ of Corti where it widens to form the phalangeal 
plate , being part o f  the lamina reticularis . This phalangeal 
process deviates ap ically , skipping the next OHC . The phalangeal 
plates of the outermost row of Deiters cells are connected to 
the first row of Hensen ' s  cells . In the cytoplasm of the Deiters 
cells a band of approximately 6 0 0  microtubules ,  identical to 
those of the pillar cells , is found . The mi crotubules and micro­
filaments originating f rom the bas e ,  partially end fan-wise 
at the level of the cup-s haped part of the cell. The remaini ng 
filaments continue through the phalangeal process up to the 
apical part o f  the cell where they insert into the electron­
dense material of the phalangeal plate . 
iii - The inner phalangeal cells are interposed between the 
IHC . Inside a small number of microtubules and microfilaments 
can be found . Together with the border cells and the inner 
pillar cells , thes e  cells completely enclos e  and support the 
IHC. 
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iiii  - The outermos t portion o f  the organ of Corti is formed 
by Hensen ' s  ce l ls . The he ight of the Hensen cel ls increase in 
the various turns towards the apex of the cochlear duct .  
The spaces between the supporting ce lls and the sensory 
ce lls  comprise the tunne l of Corti , Nue ll ' s  space and the outer 
tunne l .  These interce llular spaces ( containing corti lymph ) com­
municate with each other throughout the cochlea and are sealed 
from the endo lymph by the tight junc tions of the re ticular 
lamina . 
2 . 1. 5 . 3  Inn e rvation o f  the organ o f  Corti 
The innervation of the organ o f  Corti can be differentiated 
in afferent ( centripetal ) and efferent ( centrifugal ) nerves .  
In guinea pigs 8 5 - 9 0 %  of the afferent nerves come from the IHC 
and only in 1 0 - 1 5 %  the OHC contribute to these nerves (Spoendlin , 
1 9 6 9 ; Mor rison e t  al . ,  1 975 ) . The afferent nerve terminals on 
the IHC are di s tributed along the lower hal f of the ce ll . Most 
o f  these afferent nerve-fibres take a direct radial course to 
the foramina nervosa of the habenula perforata , where they be­
come myelin-sheathed . Only a small number of dendrites take 
a short spiral course underneath the row of IHC . Each nerve­
fibre is connected to one s ingle IHC , but each IHC is linked 
to terminals of several dendrites (Liberman , 1 9 80 ) . This innerv­
ation pattern differs from that of OHC . On the OHC smal l af­
ferent nerve endings are limited to the basal part of the cel l .  
Mos t  o f  these afferent fibres take a spiral course between the 
Deiters ce lls (outer spiral bundle )  over a distance of 0 . 5-5 rnm 
towards the basal part of the cochlea . As to the nerve supply 
of the OHC each afferent nerve-fibre branches into 20-6 0 afferent 
terminals innervating a number of OHC (Spoendlin , 1 9 6 9 ) . These 
dendrites traverse the floor o f  the tunne l of Corti towards 
the habenula perforata , where nearly all become mye lin- sheathed . 
The number o f  af ferent terminals decrease in the basal and in 
the lower half of the second turn . 
The bipolar ganglion ce lls  o f  all afferent nerves are l ocated 
in the ganglion spirale situated in Rosenthal ' s  canal in the 
modio lus . The neuri tes of these ganglion cells  continue to form 
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the cochlear nerve . 
The ef ferent nerve-fibres , approximately 6 0 0 , join the 
cochlear nerve where it enters the modiolus . In the spiral gan­
glion these nerves form the intraganglionic spiral bundle . From 
this bundle separate fibres penetrate the habenula perforata . 
Beneath the IHC a small number o f  these fibres take a spiral 
course in the inner spiral bundle . Some of these end at the 
IHC , however , most efferent fibre s  terminate at adj acent af­
ferent dendrite s .  A larger number of the efferent fibres consti­
tute the spiral tunne l bundle situated in the tunne l of Corti . 
From this bundle fibres leave to cross the tunne l between the 
outer pil lar ce lls before ending at the base of the OHC . Below 
the OHC mos t  ef ferent fibres branche mul tiple times before they 
end in clusters on the l ower pole of the cel l  (Smith , 1 9 67 ,  
1 975 ) . 
In the basal turn and the lower half of the upper basal turn 
the number of e f ferent nerve terminals at the OHC c learly exceed 
that of the afferent endings . Towards the apex. of the cochlea 
the e f ferent innervation o f  the OHC tapers rapidly in favour 
of the af ferent nerves (Smith , 1 9 67 ) : at the OHC 3 of the third 
turn the e f ferent nerve endings are completely missing , whereas 
at the same level the afferent nerve endings at the base of 
OHC 2 and OHC 1 greatly exceed the e fferent endings . 
2 . 1 . 6  Inn e r  e a r  flui ds 
The inner ear fluids , perilymph and endolymph , differ greatly 
from each o ther in origin and ionic composition . 
i - The main sources of the perilymph are supposed to be blood 
from the inner ear circulation and the influx of cerebrospinal 
fluid . The ionic composition of perilymph res emb les that of 
extracel lular f luid , having high sodium and low potassium con­
centration . The exact concentration varies within the peri­
lymphatic partition according to local exchange proce s se s  
(Ke llerhals , 1 97 9 ) . 
ii - The source o f  the endolymph is commonly accepted to be 
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the s tria vasculari s (Johnson and Spoendlin,  1 9 6 6 �  Yamash i ta 
e t  al. , 1 977) . However , it is still a matter of discuss ion whi ch 
cells maintain the ionic compos ition o f  endolymph . It is not 
unlikely that the cells lining the cochlear duct play an im­
portant role in creating or maintaining concentration gradients 
for ions across the epithelial cells (Arnold and Vosteen , 1 9 73 �  
Ros s , 1 978 ) . The ionic composition of endolymph resembles that 
of intracellular fluid ,  having high potass ium and low sodium 
concentration . 
i i i  - The origin o f  cortilymph is thought to be perilymph wh ich 
di f fuses freely through the habenula perforata (Tonndorf et al . ,  
1 9 6 2 )  and through the intercellular spaces of the spiral lamina 
(Arnold and Vos teen , 1 97 9 ) . Due to local exchange the ionic 
compos i tion slightly differs from that of perilymph. 
2 . 2 Co a h l e a� Po tenti a l s  
From the cochlea two main categories of electrical activi ty 
can be recorded: resting potentials and stimulus related 
potentials . 
2 . 2 . 1 Res ti ng P o t en t i a l s  
Registered in reference to the scala tympani three DC 
potential differences can be distinguished : 
1 .  Endolymphatic Potential ( EP )  
2 .  Organ o f  Corti Potential (OCP ) 
3 ,  Scala Vestibuli Potential ( SVP ) 
2 . 2 . 1 . 1  Endo lymp hatia P o t e n ti a l  
The EP can b e  recorded f rom the endolymph o f  the cochlear 
duct as a positive DC potential of 75- 1 0 0  mV near the round 
window membrane , slightly decreasing in magnitude towards the 
apex of the cochle a :  50-80 mV ( von B�k�sy , 1 9 52 ) . 
The source of the EP i s  the surface of the stria vasculari s , 
probably the marginal cell layer (Tasaki and Spyropoulos , 1 9 5 9 ) . 
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2 . 2 . 1 . 2  Organ o f  Corti P o te n t i a l 
The cells within the organ of Corti have a negative DC po­
tential ( 40 -8 0  mV) in reference to the perilymph of the scala 
tympani ( von Bekesy , 1 95 2 ) . Whether this negative potential 
originates intracellularly only or both intracellularly and 
in the cortilymph remains an open question (Dalles , 1 973� 
Mai nley and Kronester-Frei , 1 9 8 0 �  Dalles et al . , 1 9 8 1 ) . 
2 . 2 . 1 . 3 Saa l a  Ve s ti b u l i  P o te n t i a l 
The SVP is measured as a small positive DC potential o f  +3 mV 
related to a s cala tympani electrode ( von �kesy ,  1 9 5 2 ) . 
2 . 2 . 2  Stimu lus-re l a t e d  P o t e n ti a l s  
Stimulus-related potentials can b e  differentiated in : 
1 .  Cochlear Microphonic (CM)  
2 .  Summating Potential ( SP)  
3 .  Compound Action Potential (AP ) 
2.2 . 2 . 1 Co ah lear Mi crophoni a 
CM was first discovered by Wever and B ray ( 19 3 0) and cor­
rectly interpreted at first by Adrian ( 1 9 3 1 ) . It can be recorded 
from the cochlea as a stimulus- related AC potential following 
the acoustic pres sure wave of the stimulus . 
Up to moderate levels CM i s  proportional in magnitude to 
the intensity of the s timulus , whereas at higher intens ities 
the amplitude decreases with increasing stimulus level . The 
maximum amplitude of CM furthermore depends on the frequency 
of the stimulus used and on the location of the electrode . 
The frequency of CM is , except for complex sound pres sure 
changes ,  identical to that of the stimulus . For low s timulus 
intens ities the generation site o f  CM along the bas ilar membrane 
depends on the frequency of the s timulus ( Tasaki , et al . ,  1 9 5 2) ,  
co rresponding to the envelope o f  the travelling wave along the 
basilar membrane (Honrubia and Ward , 1 9 6 8 ) . However ,  the basal 
part of the cochlea seems to respond to all frequencies by 
producing CM . With increasing s timulus intensitie s ( i rrespective 
o f  frequency) the maximum CM generation s i te shifts over a 
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distance up to 4 mrn towards the base of the cochlea ( von Bekesy , 
1 9 5 2J Honrubia and Ward , 1 9 68 ) . 
The ques tion whether a round window electrode records on ly 
CM generated in a region limi ted to the very basal part of 
the cochlea ( S immons and Beatty , 1 9 6 2 )  or whether such a regis­
tration i s  a weighted function of all potentials generated 
over the total length of the basilar membrane , has led to con­
siderable discus s ion (Lawrence et al . ,  1 9 5 9 ) . The now mos t  
accepted opinion i s  that round window recordings o f  CM mainly 
emphasi z e  the contributions of the proximal generators , but 
also include the contributions of more remote sources , resulting 
in a wei ghted average . In support of this opinion it should 
be noted , that the frequency response , as registered wi th a 
round window e lectrode , i s  identical to that of intracochlear 
electrodes located in the basal turn of the cochlea ( Dallas , 
1 9 6 9 ) . 
The generator s ite of CM is thought to be locali zed in the 
receptor pole o f  the hair cells of the organ of Corti , being 
the apical and subapical zones (Tasaki et al . ,  1 9 54) . Experiments 
with kanamycin-treated animals , in which OHC were de stroyed,  
demonstrated that CM generated by the morphological ly intact 
IHC was 3 0 -40 dB lower i n  magnitude than that generated in nor­
mal animals . In these experiments the CM produced by IHC turned 
out to be proportional to basilar membrane velocity , whereas 
that produced by OHC were proportional to bas ilar membrane dis­
placement , indicating di fferent kinds o f  stimulation of IHC 
and OHC in these altered inner ears (Dallas et al . ,  1 9 72aJ 
Dallas and Cheatham , 1 976b) . Us ing intrace l lular electrodes 
Dallas et al . ( 1 9 8 1 )  recorded AC responses mainly from the OHC . 
This indicates that CM i s  mainly generated by the OHC . 
2 . 2 . 2 . 2 Summ a ti ng Po ten tia l 
The SP i s  a stimulus -related DC potential which may be re­
corded ei ther as a positive or a negative potential , depending 
on the location of the electrode and the frequency of the stimu­
l us . The magni tude o f  the SP is proportional to the intens i ty 
o f  the stimulus without reaching a maximum . 
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Recording with a s ingle e lectrode from the scala tympani 
( re lative to neck muscle s )  a positive SP can be detected in 
the region of the s timulated part of the bas ilar membrane� 
the SP is negative in the part of the cochlea located basally 
to thi s  region ( Kupperman , 1 9 6 6 ) . Registering from above the 
organ of Corti ( s cala vestibuli or scala media) the po larity 
o f  the response i s  reversed . The thus recorded pos itive SP 
has no latency� the negative SP (evoked by the stimulated part 
of the organ of Corti ) , however ,  has a latency varying wi th 
s t imulus frequency , probab ly caused by the travelling wave time 
(Kiang and Peake , 1 9 60 ) . In contrast with CM the generator s i te 
o f  thi s  negative SP does not shi ft with stimulus i ntens ity . 
Using two intracochlear elec trodes two SP components can 
be recorded:  a differential component ( DIF SP) and an overall 
component (AVE SP ) ( Dallas et al . ,  1 97 2b ) . The AVE SP represents 
the DC shift of b o t h components relative to neck mus cles . 
At the site of maximum stimulation the AVE SP is posi tive� at 
other locations in the cochlea the AVE SP i s  negative , thus 
corresponding in character with the SP recorded wi th a single 
electrode in the sca la tympani . Round window-recorded SP mimics 
the AVE SP as registered with e lec trodes in the basal turn of 
the cochlea .  
Us ing s t imulus i ntensities exceeding 6 0  d B  r e  20  �Pa the 
AVE SP in the basal turn of the guinea pig cochlea is negative 
for frequencies up to 3 0 0 0  Hz , about zero up to 6 0 0 0  Hz and 
pos itive for higher frequencies . In response to lower stimulus 
intensities the SP remains negative up to 6 0 0 0  Hz and becomes 
positive for higher frequencies ( Da l las et al . , 1 972b ) . 
The generator s i te o f  the SP in the hair ce lls i s  supposed 
to be located in the region of the reticular lamina , probably 
initiated by a p res sure di fference between sca la tympani and 
scala vestibuli due to asymmetrical movements of the bas ilar 
membrane during s timulation (Durrant and Dallas , 1 973 ) . Recent 
investigations us ing intracel lular e lectrodes introduced into 
IHC and OHC respectively revealed high DC response s  only in 
the IHC ( Russell and Sellick , 1 977a , b ,  1 978� Dallas et al . ,  
1 9 81 ) . So i t  seems that the SP i s  generated by the IHC alone . 
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2 , 2, 2 . 3 Compo und A a tion Po ten t i a Z  
The AP i s  recorded a s  a summated stimulus-related AC response 
o f  the cochlear nerve-hair cell entity . The intens i ty of the 
AP depends upon the number o f  nerve-fibres and thus upon the 
number o f  sensory cells activated and upon the synchroni z ation 
of the depolarizations . Thi s  synchroni zation requires rapid 
onset s timuli to produce measurable potentials . With increasi ng 
stimulus intens ities the stimulated part o f  the bas ilar membrane 
extends as a result of which an increased number o f  hair cells 
become activated. Thi s  results in an i ncreased number of depo­
lari zations of afferent nerve fibres . Thus with increas ing 
stimulus levels the AP ampli tude augments . 
The pattern of the AP response ,  as recorded with a round 
window electrode , is composed of 2 or 3 negative deflections , 
designated by N 1 , N2 and N3 in order o f  their appearance . In 
these recordings the time delay between the onset o f  CM and 
the N1 , the AP latency , is related to s timulus intens i ty :  with 
increasing s timulus intens ities the AP latency decreases . Thi s  
is caused b y  the fact that at higher s timulus levels an i n­
creasing number of hair cells ( and thei r  afferent nerves ) become 
activated in the region towards the bas e  o f  the cochlea . 
Concerning the origin of N 1 and N2 various theories have 
been proposed . Mos t  accepted is the view that the f i rst peak 
o f  the AP (N 1 ) is related to synchroni zed responses from af­
ferent nerves wi th high central frequencies i . e .  from nerves 
originating from the basal part of the cochle a .  Then the N 2 
i s  composed o f  responses originating from the low frequency 
side of the basilar membrane , being located towards the apex . 
The responses o f  the cochlear region i n  between add up to the 
small pos i tivity between N1 and N2 ( Pugh e t  al . ,  19731 
Taniguchi and Murata , 1 973; Eggermont, 1976). Other theori es ,  
however , interprete the origin o f  the N2 and N3 to be composed 
partially by second or third responses o f  the auditory nerve 
after a short refractory period ( Teas et al. , 1962; Kiang, 1966). 
The origin of the AP must be related to depolari z ations of 
the IHC/afferent nerves because 85-90% of the afferent nerve­
fibres come from the IHC (Morrison et al . ,  1975). 
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3 .  WALTZING GUINEA PIGS 
More than 80 years ago the occurrence of genetic deafness 
in animals has already been recogni zed : several studies indi­
cated an as sociation between walt z i ng ( circling ) behaviour and 
he reditary deafness in various animals . Waltzing mice have first 
been des cribed by Rawit z  ( 1 8 9 7) , Quix ( 1 9 0 7 )  and van Lennep 
( 1 9 1 0 )  who attributed the deafnes s  of these animals to atrophy 
of the stria vasculari s . In rodents more than 1 9  mutants with 
a waltz ing-like behaviour could be defined (Dice , 1 9 3 5 ; 
Grllneberg , 1 943 ; Deal , 1 9 54 ,  1 9 5 6 a ,  b ) . 
The waltz i ng guinea pig was first described by Ibsen and 
Risty in 1 9 2 9 : "Two related individuals with a tendency to whirl ,  
o r  walt z , similar to that known i n  Japanese waltz ing mice " . 
Breeding tests indicated that this mutant inherited as a simple 
Mendelian rece s s ive . To breed thes e  animals it was necessary 
to mate waltzers with normal animals and then to mate the 
hybrids with waltzers again to reproduce the strain .  All hybrids 
were found to be normal as to hearing and vestibular reactions 
(Lurie , 1 9 3 9 ,  1 9 41 ) . In these waltzers circling began soon after 
bi rth . Waltzing could be in either direction (Lurie , 1 9 41 ) or 
predominantly in one direction ( Cogan , 1 9 40 ) . Circling behaviour 
was attributed to a les ion located in the central nervous system 
si nce peripheral vestibular tests did not give any reaction 
(Cogan , 1 940 ) and histological evaluation of the vest ibular 
sense organs and the vestibular nerve revealed a normal anatomy 
( Lurie , 1 9 3 9 , 1 94 1 ) . Experimental s urgery in the region of the 
red nucleus of normal guinea pigs i nduced waltz ing behaviour 
s imilar to that seen in waltz ing guinea pigs (Lurie and Dempsey , 
1 9 3 9 ) . Yet i t  was impos sible to as s e s s  a central le sion in 
waltzers mi croscopically . Deafnes s  was attributed to a pro­
gress ive degeneration of the organ of Corti , o f  which : "External 
hair cells degenerated firs t ,  followed by the inte rnal hair 
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ce lls , the spiral ganglia cells and the cochlear nerve " (Lurie , 
1 9 4 1 ) , In these waltzing guinea pigs the stria vas cularis showed 
degenerative changes (Lurie , 1 93 9 , 1 94 1 ) . 
In another s trai n  o f  the waltzing guinea pig , extensively 
described by Ernstson et al . (1 9 6 9 )  and Ernstson (1970 , 1971 a ,  
b ,  1 972 ) , cros ses between waltzers and normal animals gave live 
o ffspring in the ratio of approximately one-to-one normal/ 
waltze r .  Breeding waltzers with waltzers gave extremely high 
perinatal mortality . Ernstson conc luded that the waltzer charac­
te ristic was inherited as : "a monohybrid dominant Mendelian 
autosomal gene with a rece s s ive lethal effect and with full 
express ivity and penetrance " .  Vestibular reactions could be 
obtained after a fenestration operation by irrigation of the 
bul la with hot or cold water . This reaction lacked in older 
animals .  Ernstson s tated that vestibular function was already 
decreased at bi rth and that vestibular exci tability totally 
disappeared with increas ing age (Ernstson , 1971 ) . In previous ly 
conditioned waltzing guinea pigs a stepwise progres s ive hearing 
loss and recruitment were found , leading to complete deafnes s  
in 4 week old animals (Ernstson , 1 972 ) . Investigation with the 
l i ght and electron micros cope showed a rod-shaped inc lusion 
body in hair ce lls type I o f  the vestibular apparatus and pro­
gress ive al terations of the sensory ce ll tops of both cochlear 
and vestibular hair cells (Ernstson et al . ,  1 9 6 9 ;  E rnstson , 
1 971a ,  b ,  1 972 ) . Such rod-shaped inc lus ion bodies were found 
to cons ist of actin (Sob in and F lock , 1 9 8 1 ) . The gross anatomy 
of the inner ear in this s train of waltzing guinea pigs was 
normal at birth . The stria vascularis showed some patchy atrophy 
in animals aging over 1 year only (Ernstson , 1 971b ) .  Systemic 
evaluation of the vascular anatomy of the waltz ing guinea pig 
cochlea did not reveal any abnormalities (Axelsson and Ernstson , 
1 9 72) . 
The last-mentioned strain apparently differs from that re­
ported fi rst by its mode of inheritance . To some extent it also 
di f fers by its vestibular i rritability and by the micros copical 
al terations that occurred in the vestibular ep ithelium and in 
the stria vas cularis . I n  both strains the innervation of the 
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cochlea seemed to remain unchanged up to the moment of actual 
hai r cell los s . 
It is interesting to note , that in a recent study ,  Gulley 
et al . ( 1 97 8 )  reported secondary degeneration o f  the end bulbs 
of Held in the rostral anteroventral cochlear nucleus following 
hai r cell loss in waltzers of 30 to 60 days of age . The aspect 
of the degeneration of the presynaptic terminal and the post­
synaptic membrane in this nucleus sugge sts that some residual 
hearing activity maintains the functional s tate of the synapse 
in waltzers aging up to 3 0 - 6 0  days o f  l i fe . 
The only available electrophys iological data on waltzing 
guinea pigs di splayed unaltered endolymphatic potentials in 
the scala media (Tasaki and Spyropoulos , 1 959 1 S uga and Battle r ,  
1 9 70 1 Konishi , 1 97 9 ) . Cochlear microphoni c  and combined action 
potentials recorded from the round window membrane could not 
be determined in animals aging over 6 months (Lurie , 1 941 1 
Tasaki and Spyropoulos , 1 9 59 1 Konishi , 1 979 ) 1  two younger ani­
mals ( 2  and 4 weeks o f  age ) showed s uppressed CM and completely 
lacking AP (Konishi , 1 979 ) .  
An analysis of the proteins o f  the stria vascularis did not 
reveal any consis tent changes in the protein pattern : usi ng 
one and two dimens ional acrylamide gel electrophores i s  the same 
2 0 0  polypeptides as in normal animals could be resolved 
(Wen thold and McGarvey , 1 9 80 ) . The +K and +Na concentration 
was normal in the endolymph of the s cala media of older waltzers 
(Konishi , 1 9 79 ) . 
Thes e  observations indicate that in waltzing guinea pigs 
hearing loss is initiated in the early perinatal pe riod and that 
the morphologi cal alte rations appear to be limi ted to the 
sensory cells only . 
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4. PROBLEM ANALYSIS 
Bas ic understanding thus far of the interrelationship between 
e lectrophy siology and morphology of the unaltered inner ear 
mainly dates from exogenously induced or endogenous hearing 
loss in animals. Concerning the forme r ,  suprathresho ld sound 
s timuli or high concentrations of ototoxic antibiotics are the 
most widely applied noxae. The se noxae , however , inflict by 
the unphysiological nature of such experiments a varie ty of 
les ions to all component cells  of the inner ear , more speci fic 
the organ o f  Corti , the stria vascularis and Reissner ' s  membrane . 
Among the mammals with inherited and thus endogenous hearing 
los s ,  young wal tzing guinea pigs have the advantage of showing 
morphological alterations restricted to the sensory ce l ls only . 
More specific : in the youngest animals the lesion seems to be 
l imited to the hair cel l  top (Ernstson , 1971a,  b ) .  In the same 
animals a s tepwi se progress ive hearing los s  occurs , leading 
to comple te deafne s s  in 4 weeks old animals. 
There fore , young waltzing guinea pigs can very we ll serve 
the purpose to study age-related electrophysiological and mor­
pho logical changes in order to assess their interre lationship. 
Howeve r ,  only ve ry limited quanti tative e lectrophysiological 
and morphological data are available in the literature . There­
fore , this study should comprise : 
- an analysis o f  the electrocochleographical changes in young 
wal tz ing guinea pigs , 
- a de tailed description of the submicroscopical changes in the 
same experimental animals , and 
- a quan ti tative asses sment o f  the morphological alterations . 
Whereas the mos t  obvious e lectrophysiological and morphol­
ogical al terations in waltzing guinea pigs can be expected to 
take place during the first weeks of life , the question rai ses 
whether age-re lated changes can be found in electrocochleo-
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graphical recordings from very young n o r m a Z guinea pi gs 
and whether age- re lated changes occur in the sensory ce lls of 
these animals .  Such information is also es sential to localize 
the firs t  s i te of expres s ion of the genetic defect in waltzing 
guinea pigs and to interpret its consequences in terms of 
auditory sensory ce l l  pathology . 
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5 .  MATERIALS AND METHODS 
5 . 1 Exp e rime n t a l  anima ls 
Thirty-six healthy guinea pigs and 90 waltzing guinea pigs 
were used in the experiments . The aim of this s tudy was to i n­
vestigate age-related e lec trophysiological and morphological 
alterations in normal and in walt z ing guinea pigs , therefore 
all animals were classified according to age . Whereas the 
earliest and most interesting changes were expec ted to occur 
neonatally , 8 groups were constituted with the fo llowing age 
di stribution : 
Age Normal Guinea Pigs Waltzers 
group 1 0 - 24 hours n = 5 n = 
group 2 2 4  - 48 hours n = 3 n = 
group 3 3 and 4 days n = 4 n = 
group 4 5 up to 9 days n = 2 n = 
group 5 9 up to 17 days n = 6 n = 
group 6 17  up to 3 3  days n = 7 n = 
group 7 3 3  up to 6 5  days n = 6 n = 
group 8 more than 6 5  days n = 3 n == 
5 .  2 E le atroaoah l e ography 
5 .  2 .  1 Anaes t h e s i a  
All animals o f  which electrocochleographic recordings were 
obtained,  were anaesthetized by a gas mixture of oxygen (0 . 6  
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R li ter/minute) , nitrous oxide (0 . 4  liter/minute) and F luothane 
(0 . 75 - 1 . 5  % )  which was administered via a wide open mask in 
f ront of the animal . 
An advantage of this technique using F luothaneR is the pos s i ­
bility to control the depth of the narcos i s  in contras t wi th the 
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commonly used intraperitoneally adminis tered barbiturates (Hoar , 
1 9 64 , 1 96 9 ) . As FluothaneR i s  rapidly absorbed and eliminated 
from the lungs a stable level of anaesthesia is maintained by 
adjus ting the concentration of the FluothaneR in the gas mixture . 
In addi tion i t  e ffectively reduces airway secretions during an­
aesthesia ( Lamkin and McPherson , 1 9 7 5 ) . Using thi s  simple method 
it is not neces s ary to premedicate the animal with atropine 
sulphate . 
All animals were breathing spontaneous l y ,  a tracheostomy 
was not performed . Care was taken to mai ntain the spontaneous 
ventilation frequency at a rate of 6 0  - 1 2 0  per minute by ad­
j usting the FluothaneR concentration . The ventilation frequency 
proved to be a reliable monitor for the depth of the narcosis 
in these animals , s ince only superficial anaesthesia was re­
quired .  No death occurred in more than 3 0 0  experiments during 
narcosi s .  
Because hypoxia could influence the outcome of the electro­
cochleographical recordings arterial po 2 , pco 2 , pH and o 2 satu­
ration changes have been monitored in 2 normal animals during 
inhalation anaesthes ia (Table 5-I ) . Thes e  recordings were made 
when narco s i s  had reached a stable level , being the case when 
ventilation frequency was at a rate of 6 0- 1 2 0  per minute . The 
s ame parameters were recorded from one unanaestheti zed 3 months 
old waltz ing guinea pig . These values are also given i n  table 
5-I. 
Table 5-I: Arterial p02� pC02� pH and 02 saturation values in 2 anaesthe­
tized normal and 1 unanaesthetized waltzing guinea pigs. 
p02 and pco2 are given in kPa. 
normal GP- 1 GP- 2 Waltzing GP 
p02 1 0 . 6  1 8 . 1 20 . 3  1 0 . 9  
pco2 3 . 8  3 . 9  4 . 1  3 . 3  
p H  7 . 4 7  7 . 4 2 7 . 40 7 . 4 1  
02 s at 9 8 %  9 8 . 6 % 9 9 . 5% 9 5 . 2% 
Vent . f req . 1 2 0 - 1 6 0  1 34 9 6  1 2 0  
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5 . 2 . 2 Ope rative t e ah niqu e and e Ze a trodes 
In all young animals the auditory meatus was clean , per­
mi tting an unobscured view of the tympanic membrane . In a few 
guinea pigs olde r than three months of age some ear wax was 
found , which was removed if necessary . 
The le ft tympanic bulla was exposed by a posterior auricular 
approach . A small perforation with a diameter of 2 mm was made 
in the pos terolateral part o f  the bulla , expos ing the region 
of the round window membrane , leaving the tympanic membrane as 
well as the os s icular chain i ntac t .  
Cochlear potentials were recorded from the round window mem­
brane using a 5 0  �m nichrome wire electrode which was insulated 
except for its tip . This tip was folded to an angle of approxi­
mately 6 0° and electrolytically plated with a thin film of gold . 
The electrode was placed on the round window membrane as close 
as pos sible to the outer margin , thereby damping membrane move­
ments as least as poss ible . Care was taken not to contact the 
posterior semicircular canal to avoid an electrical shunting 
resistance via mucosal secre tions . A second electrode was placed 
as a differential electrode on the mucosal li ning of the bulla 
tympani ca at a di stance of approximately 1 0  mm from the round 
window . The indif ferent electrode was inserted in the exposed 
neck muscles . As a routine the left ear was used to record 
cochlear response s . 
During the experiments the guinea pig was placed in a Faraday 
cage s ituated in a soundproof room. The floor of the cage was 
provided with a heating pad placed underneath the cage , in o rder 
to prevent excess ive drop of body temperature . 
5 . 2 . 3 Stimuli 
In the experiments all s timuli were presented free field 
through a Philips 2 2  AH 4 6 2/ 0 1  R speaker at a distance of ap­
proximately 5 0  em to the ear of the guinea pig . 
5 . 2 . 3 . 1 Co ah Zear Mi arop honi a 
In order to p roduce measurable CM potentials the cochlea was 
s timulated with continuous s inewaves at frequencies of 0 . 25 ,  
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0 . 5 ,  1 ,  2 ,  4 ,  8 and 1 6kHz . These stimuli were generated by a 
HP 3 3 0 0A (+ HP 3 3 0 2A) function generator . After pass i ng a pre­
amplifier and an a ttenuator the signal was ampli fied and pre­
sented through the Philips speaker.  
5 . 2 . 3 . 2 Comp o un d  A c tion P o t en t i a Z  and Summa t i ng Po te n ti a Z  
To generate AP and SP short tonebursts , starting at phase 
zero , were pres ented at frequencies of 10 kHz and 4 kHz . The 
10 kHz tonebursts had a pulse-width of 4 ms and short ri se and 
fal l  times . The 4 kHz tonebursts also had a total duration of 
4 ms ; rise and fall times had a duration of three periods of 
the sinewave . To generate these rise and fall times the rec­
tangular toneburst generated by the function generator was b and­
pass fi l tered by a Krone Hite 3 5 5 0  fi l ter ( 24 dB/oct ) . As a rou­
tine a repetition rate of 1 0  stimuli per second was used . 
I n  order to cancel the CM component in the responses the 
s timuli were presented in alternating phase to the Philips 
speaker . The exposure frequencies used activate a region of the 
bas ilar membrane of which a detailed place- frequency map i s  
known from the literature ( von B�k�sy , 1 9 6 0 ; Greenwood , 1 9 6 1 ; 
Stebbins et al . ,  1 97 9 ) . 
5 . 2 . 3 . 3 Sound pres sure Zeve Z 
The sound pressure level of the stimulus was measured with 
an 1 inch Bruel and Kj aer 4 1 4 5  condenser microphone with its 
membrane located c lose to the pinna o f  the quinea pig .  The micro­
phone s i gnal was fed to a Bruel and K j aer 2 6 0 3  microphone amp li­
fier and a B rue l and K j aer 1 6 1 5  1 / 3  octave fil ter set .  
I n  CM recordings the sound pressure leve l was expressed in 
dB re lative to 20  �Pa ;  i n  AP and SP registrations in peak 
equivalent dB re lative to 2 0  �P a .  
5 . 2 . 4 Re cording of the respo n s e s  
The cochlear potentials were recorded us ing a round wi ndow 
electrode . The reference elec trode was placed on the mucos a  o f  
the bull a  tympanica.  The interelectrode resistance was tes ted 
at the beginning of the experiments using a 5 0 0  H z  s i gnal . 
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Fig. 5-1 :  Block diagram of the equipment used in the eleatroaoahleographiaal 
experiments. 
1- Cloak generator; 2- Function generator (HP 3300A + HP 3302A ) ;  
3- Band pass fi lter (Krone Hite 3550); 4- Alternator; 5-
Attenuator; 5- Amplifier; ?- speaker (Philips 22 AH 462/01RJ; 
8- Condenser microphone (B and Kj 4145); 9- Microphone amplifier 
(B and Kj 2603 + 161 5); 10- Osci lloscope; 11- Preamplifier (PAR); 
12- Main amplifier (PAR 124A);  13- Signal averager (PAR TDH 9 ) ;  
14- X-Y recorder (HP ?01 5AJ ;  15- Faraday cage; 15- Sound proof 
room. 
The recorded e lectrical s ignal was led to a P rince ton App lied 
Research preampli fier where the difference s i gnal of the two 
e lectrodes w as amp l i f ie d .  This p reampli fier was placed close 
to the Faraday cage in the soundproof room . By amp li fying the 
difference s i gnal interference from the envi ronment is rej ected 
to some extent and the s ignal to noise ratio is enhanced (Dalla s , 
1 9 7 3 ) . The common mode re je ction ratio of the preamp l i fier ex­
ceeded 1 0 0  dB . The preampli fied s i gnal was conducted to a 
P rinceton Applied Res earch 1 24A mai n ampli fier.  
The RMS value of the CM s ignal was measured after pas s ing 
the internal b and-pass fi lter of the amplifier (Q- factor = 5 ) . 
In CM recordings the stimu lus intens ity leve l was adj usted to 
e li cit a 1 0  �V RMS response leve l at the various tes ted fre­
quencies . In the AP and SP recordings no filtering was applied 
to the s i gna l .  
The amp l i fied coch lear response was fed t o  a modified 
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Fig. 5-2: Time pattern of masker 
and toneburst. Rise and 
fall  time of the m:zsker 
is 4 1718. Toneburst is added 
to the m:zsker signal at 
11  ms. Interstimulus interval 
200 1718 .  
Princeton Applied Rese arch TDH9 analogue s i gnal averager ,  having 
a memory content of 1 0 0  data points . The memory content of the 
average r was written out by an X-Y recorder (HP 7 0 1 5A) afte r 
smoothing the signal by passing i t  through a low pass fi lte r .  
A block diagram of the equipment is pre s ented in figure S - 1 . 
5 . 3 Fre que ncy specifi ci ty of AP respon s e s  gen erated by 
tonebursts of 4 kHz a nd of 10 kHz 
To generate frequency-specific AP ' s  short toneburs ts with 
frequencies o f  4 kHz and 1 0  kHz were used for stimu lation of 
the coch lea ( Eggermont and Odenthal , 1 9 7 4 ;  Dallos and Cheatham, 
19 76a)  • 
To elucidate the frequency speci fi city o f  the AP ' s  generated 
by these tonebursts pure tone maskers of diffe rent frequencies 
were added to the stimu li (Dallos and Cheatham , I 9 7 6 a ) . These 
tone- on- tone maskers were produced by supplying a function gen­
erator ( HP 4 2 0 4A) , a timer , an audiomixer and an attenuator 
to the t onebursts-generating chain as previous ly des cribed . 
The masker stimuli had a p lateau time of 1 3  ms and rise and fall 
times of 4 ms . The tonebursts were added to this signal at 11 ms 
a fter the onset of the masker stimu lus . Thus the tonebursts 
were overlapped by the mas ke r .  The interstimulus interval was 
kept at 200 ms . The shape o f  this s igna l  i s  schematized in 
fi gure S- 2 .  This complex stimu lus was presented free fie ld 
through the Philips speaker at a distance of 5 0  em of the guine a  
pig .  
After amp li fi cation the round w indow AP ' s  were fed to a 
Datalab DL 4 0 0  digital averager without fi ltering . Half the 
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Fig. 5-3: Re lative AP tuning aurves as obtained by tone-on-tone masking. 
The intensity of the masker producing 30!; (guinea pig I - dashed 
lines) or 25% (guinea pig II - solid Zines ) reduotion of the 
AP amp litude is p lotted ve1'8UB masker frequency. The level of 
the probe tone is given as a square symbol.  
memory content was used to average AP responses obtained wi thout 
masking; the other half was used to s tore masked AP responses 
quas i simultaneous ly . I n  nearly all measurements 256  responses 
were averaged . The averaged responses in both memory contents 
were written out by an X-Y recorder (HP 7 0 1 5A) . 
Two he althy pigmented guinea pigs were used . Anaes thes i a  was 
performed by a gas mixture o f  oxygen , ni trous oxide and 
F luothaneR vi a an open f ace mask as previ ous ly des cribed . 
Data were expres sed in percentage as the re lative decrease 
of the magnitude o f  the AP response following masking of the 
tonebursts by the frequency speci fic masker at di ffe rent masker 
intens ities . In order to mask 4 kHz tonebursts maske r frequencies 
o f  2 ,  3 ,  4 ,  5 ,  5 . 5 ,  6 ,  6 . 5 ,  7 ,  8 and 9 kHz were used ; to mask 
1 0 kHz s timuli the masker frequencies used were 6 ,  7 ,  8 ,  8 . 5 ,  
9 ,  1 0 ,  1 1 , 1 2 , and 1 3 kHz . The masker intens i ty was expressed 
i n  attenuator s teps . Toneburs t intensity was kept at approxi­
mately 20  dB above AP threshold for both frequencies . 
The re lative AP tuning curves presented in figure 5- 3 were 
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obtained by p lotting the masker intens i ty which produced 30 % 
(guinea pig I }  and 2 5 %  ( guinea pig I I }  reduction of the AP am­
pli tude ve rsus masker frequency . The leve l  and the frequency 
of the probe tone are plotted as a s quare symbol . 
These re lative AP tuning curves show a sharp tip for both 
toneburst frequency p lots : in the 4 kHz toneburs t tuning curve 
the o 1 0  values are 2 . 6  and 2 . 2  respe ctive ly . Dallos and Che atham 
( 19 76 a }  obtained o 10= 3 . 5  in a comparab le experiment . The centre 
frequency is located at 5 kHz and 5 . 8  kHz respe ctive ly .  
In the 1 0  kHz toneburst tuning curve the o 1 0  value i s  5 . 6  
(Dallos and Che atham : o1 0 =5 . 0 } . The centre frequency i s  found 
at 9 kHz .  
Thus re lative AP tuning curves obtained by tone-on-tone 
masking technique indicate that for low s timu lus intens ities 
the 4 kHz tonebursts used in our experiments activate a limited 
segment of the cochle a wi th a centre frequency be tween 5 kHz 
and 6 kHz . The 10 kH z tonebursts activate a cochlear partition 
with a centre frequency o f  9 kHz . 
5 . 4 Morpho logy 
5 . 4 . 1 Preparation and fixation of the c o c h l e a  
All animals were s acri fied by decapitation under intraperi to­
neal sodium pentobarb i tal anaesthe s i a  ( 6 0  mg/kg} . Immediate ly 
after decapitation the auditory bullae were removed from the 
skull and opened .  With the aid of a small hook the stapes was 
extracted and a small hole was made in the apex of the coch lea 
near the he li cotrema . Next the oval and the round window were 
perforated and 5 ml of the fixative at room temperature was 
gently pe rfus ed through these perforations at low hydrost atic 
pressure . Perfusion of the cochlea was j udged to be correct when 
a free flow of the fixation solution through the hole in the 
apex of the cochle a  could be observed . 
In order to avoi d  post mortem changes in the organ o f  Corti 
(Jordan et a l . , 19 7 6 )  the comp lete procedure was performed for 
both ears wi thin four minutes . Then the spe cimens were immersed 
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in the s ame fixative for approximately 12 hours at 4 °C to ob­
tain a deep penetration of the fixation f luid into the central 
parts o f  the cochlea . 
From each gui nea pig the l e ft cochlea was prepared for 
s canning e lectron micros copy ( SEM ) and the right coch lea for 
transmiss ion e lectron micros copy ( TEM) . All specimens were thus 
coded that an unbiased interpretation of the coch lear morphol­
ogy o f  normal and waltzing guinea pigs was ensured . 
The fixation fluid used consisted o f  2% glutaraldehyde buf­
fered in 0 . 1  M cacodylate at pH 7 . 3  ± 0 . 1  with an osmolarity 
between 400 and 425 mOsm. Also sodium phosphate o f  the same 
pH and osmolarity was us ed as a buffe r ;  2 rnMol cacl2 was added 
to the fixative . After 12 hours of imme rs ion in the fixative 
at 4 °C the specimens were rinsed two times in the pure bu f fer 
at room temperature for half an hour . 
5 . 4 . 2 Procedure for Scann i ng E l e c tron Mi cros copy 
Dehydration of the coch le a was e ffected through a gradual 
increase o f  a concentration gradient of acetone or alcohol .  Thi s  
gradient was obtained by continuous ly admitting abs olute acetone 
or alcohol to di s ti l le d  water whi le keeping the total volume 
o f  the solution at 3 0 0  cc . The solution was permanently s ti rred . 
Thus the concentration gradient gradually i ncreased approxi­
mating 1 0 0 %  (Fig .  5- 4 ) . A fterwards the specimens were rinsed 
two times in absolute acetone resp . alcohol for an hour . 
The acetone-dehydrated cochleae were trans ferred into a 
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cri ti cal point drying apparatus (Polaron type E 30 0 0 )  and dried 
us ing Freon 1 3R ; the alcohol-dehydrated specimens were cri tical 
point dried with co2 • 
The dry cochleae were glued onto an aluminium disk to faci li­
tate handling during the preparation procedure . The preparation 
technique used has been des cribed extensive ly by Soudij n  ( 19 7 6 )  
and pe rmits , afte r  dis section o f  the spiral ligament and afte r  
blowing away Rei s s ner ' s  membrane , a clear view with the s canning 
e le ctron mi cros cope over the enti re coch lea from the he licotrema 
to the round window region . After microdi ssection the i nner ears 
were exposed to oso4 vapour for 3- 4 hours in orde r to incre ase 
e le ctron conductivity (Soudi jn , 1 9 7 6 ) . 
The bony parts in the basal regions o f  the cochleae and the 
glue margins at the connection with the aluminium di sk were 
painted wi th colloi dal s i lver to improve local e lectron conduc­
tivity . In a B a l zers sputtering apparatus the cochleae were 
coated in vacuum with a thin f i lm of gold of 1 0 - 2 0 nm .  
All coated specimens were examined in a Jeol JSM U 3 ,  o r  a 
Jeol JSM U 35 scanning e lectron microscope at 25 kV or 15 kV 
acce leration voltage . 
5 . 4 . 3  Pro aedure for Transmi s s i on E l e atron Mi aros aopy 
Fixation of the right coch le a in g lutaraldehyde was performed 
as for SEM specimens . After thoroughly rinsing in the bu f fe r  
twi ce for h a l f  an hour , the specimens were pos tfixed with 1 %  
osmium tetroxide at pH 7 . 3  � 0 . 1 for 3- 4 hours at 4 °c ( de Bruyn , 
19 6 8 ; K arnovsky , 1 9 71 ) . Then the cochle ae were rinsed again in 
the buffer for two periods of an hour . 
The rinsed specimens were dehydrated through graded alcohol 
series up to 7 0 %  alcohol .  Then the specimens were stained "en 
b loc" with 0 . 5% uranyl acetate for 3- 4 hours . There after the 
dehydration procedure was comp leted by running the coch leae 
through graded alcohol series of 70 % ,  9 5 % , 1 0 0 % and 1 0 0 % . 
The alcohol-dehydrated specimens were run through mixtures 
of propy lene oxide and EponR 8 1 2  in a cold room be fore embedding 
i n  EponR 8 1 2  res i n .  The last step o f  the procedure was performed 
under vacuum ( 1 0 0  rnmHg) in order to ensure a homogeneous 
4 0  
embedding . 
For orientation purposes 0 . 5 �m semi thi n  sections were cut 
on a LKB Ultratome using diamond knive s . The secti ons were 
stained wi th tolui dine b lue . After se lecti on of the relevant 
region ultrathin se ctions ( 5 0nm) were made on a LKB Ultratome 
us ing a Dupont diamond kni fe o f  4 . 5  mm length . These were 
mounted on 1 5 0  mesh grids or on formvar-coated one hole grids 
be fore examination i n  the e lectron micros cope . 
The ultrathin sections were examined with a Phi l ips EM 3 0 0  
or a Phi lips EM 2 0 1  e lectron mi cros cope operating at 4 0  o r  6 0  kV 
acceleration voltage . 
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6 .  RESULTS 
E le ctrophysio logy 
Electrophysiological data were recorded from 36 normal guinea 
pi gs and from 90 waltzers . All recordings were studied with 
respect to changes of the AP , the SP and the CM .  
The AP wavefo rm  as recorded from normal animals i s  i l lus­
trated in figure 6 - 1 .  The AP wave form i s  mainly characteri zed 
by the fol lowing p arame ters ( Fi g .  6 - 2 ) : 
a .  The amp litude o f  the negative de f lection s , being respect­
ively des i gnated N 1 and N2 • The N 1 ampl itude was me asured 
in microvol ts (�V) . 
b .  The l atency of these de flections re lated to the onset o f  
the CM s i gnal (The CM onset coinc ides wi th the ris ing e dge 
of the SP ) . The latency of the N 1 maximum amplitude was 
expressed in mi lli seconds (ms ) . 
The SP appears as a posi tive DC s hi ft o f  the base line during 
stimulation with 1 0  kHz toneburs ts . The magnitude of thi s  base­
line shift was exp ressed in �V. 
Apart from AP and SP recordings the CM response at di f fe rent 
s timulus frequencies was monitored as the s timulus leve l necess­
ary to generate a 1 0  �V response leve l  ( i s opotential curve ) . 
6 . 1 Norm a l  guine a pigs 
As was s t ated i n  section 5- 1 ,  8 age groups were consti tuted .  
For each group the i ndividua l e lectrophysiological data were 
average d .  The thus obtained group data (Tab les 6 - I  to 6 -XI I 
in the appendix)  are e laborated i n  the following section s . 
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Fig. 6-1 :  Compound AP in response to 10 kHz and 4 kHz tonebursts at different 
intensities as recorded from normal animals . Toneburs t duration 
4 ms . 
· · · · · · · · · · · · · ·:- · · · ·  
Fig. 6-2: Schematic fii.(]h]i111J o f  a 
compound AP in response 
to a 10 kHz toneburst .  
The AP and SP parame ters 
are designated: 
AN - amp litude N1 deflection 
TN
1 - latency N1 deflection 
A� - amp litude SP. 
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Fig. 6-J: Average amp li tude-intensity and 1-atenay-intensity functions of 
the round window recorded 10 kHz and 4 kHz corrpound AP as 
calcul-ated for groups A and 8 respective ly (see text) . 
6 . 1 . 1  The N 1 amp l i t ude of the c omp ound A c t i o n  Po t e n ti a l 
For each group o f  animals the mean value s  (x) and the stan­
dard deviations ( S O )  of the N 1 amp litudes of 1 0  kHz  and 4 kHz 
AP ' s are given i n  tab les 6-I and 6 - I I . The magnitude of the 
SO indicates that remarkab le inter-individual di f ferences were 
found . 
The mean amplitude s  o f  the N 1 de f le ctions , as calculated 
for each group , showed the tendency to incre ase with incre as i ng 
age . Thi s  became more dis tinct for higher stimulus intensitie s . 
To i l lustrate thi s  amp li tude-i ntens i ty re l ationship the mean 
input-output curves o f  groups 1 up to and inc luding 4 ,  being 
all animals up to 8 days of l i fe , and of the remaining groups 
5 to 8 are given in figure 6 - 3  (Tab les 6 - I I I  and 6 - IV) . These 
groups wi ll be design ated group A and B respe ctively in the 
following se ctions on norma l guinea pigs . 
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Pig. 6-4: Average amp litude-intensity 
functions of the 10 kHz SP 
as calaukzted for groups 
A and B. 
6 . 1 . 2  The N1 l a t e n cy of t h e  aomp o un d  A c ti o n  P o te n t i a l  
The mean l atencies for groups A and B are also given i n  
the s ame figure 6-3  a s  a function of intensity (Tab les 6 - I I I  
and 6 - IV ) . N o  age related latency-intensity changes were found . 
For stimulus i ntens ities up to 40 dB the latency o f  the 4 kHz 
AP exceeded th at o f  the 1 0  kHz AP. This latency di fference con­
fi rms that , us ing stimulus intensity levels up to 4 0  dB ,  the 
4 kHz toneburst s timu l ates a part of the b as i lar membrane local­
i zed more apically than the 1 0  kHz toneburst o f  equal inten s i ty .  
iU I 
·- ... . 
Fig. 6-5: Mean CM 10 J.1 V isopotential 
aurves in response to 
s timu lation with continuous 
sinewaves at different 
frequencies as calaukzted 
for groups A and B.  
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6 . 1 . 3  Th e S umma t i ng Po ten t i a l 
The mean values and the SO ' s  of the SP amp li tude s calculated 
for each group of animals are given in tab le 6 -V .  S tandard de­
vi ations and thus the range of the experimental data are of the 
s ame order as those o f  the AP amp li tudes . The large SO ' s  com­
pute d for group one were mainly caused by the low SP values reg­
i s te red in the two newborn animals . Animals aging more than 7 
hours were found t o  generate norma l S P  value s : age related di f­
ferences were not found . This is i llus trated by the input-output 
curves re ferring to the populations o f  group A and to the re­
maining groups of normal animals presented in figure 6 - 4 .  
6 . 1 . 4 The Co c h l e a r  Mi c rophonia 
Newborn guinea pigs produced 1 0  �V CM potentials at s timulus 
intens i ty leve ls equal to those for older animals . The mean 
s timulus leve ls and the SO ' s  of e ach group are presented in 
table 6 -VI . No age re l ated change s o f  the mean stimulus leve ls 
that generated a 10 �V CM s igna l  were calculate d .  This i s  i l lus­
trated in figure 6 - 5 . 
6 . 2 Wa l tz i ng guine a pigs 
From 90 waltzing guinea pigs e lectrophysiologi cal data were 
regi s te re d .  As with normal guinea pigs these recordings con­
s isted of AP ' s  (n=86 ) ,  SP ' s  (n= 8 6 )  and CM ( n=9 0 ) . The results 
o f  the i ndividual recordings were used to calculate group dat a ,  
which are gi ven in the appendix and e laborated in the fol lowing 
se ction s . 
6 . 2 . 1 The comp ou n d  A c tion Poten ti a l  
The AP wave forms as recorded from 4 waltzing gui ne a  pigs 
of di fferent ages are shown in figures 6 - 6  and 6 - 7 .  The wave form 
of th is AP was identically s haped compared to the AP ' s  recorded 
from normal animals . Criteria used for comparis on are : the pres­
ence of N 1 and N2 p lus the posi tivity in between and the N 1-N2 
latency difference . Action potentials di ffered from normal with 
respect to the N 1 amp l i tude and the N 1 latency . For e ach group 
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Fig. 6-6: Compound AP recorded from a 3 days old waltzing guinea pig. 
Torwbuxost stimulation 1 0  kHz and 4 kHz at different intensities; 
duration 4 ms . 
of waltzers the mean value and the s tandard deviation of each 
N 1 amp litude and each N1 latency of the 1 0  kHz and 4 kHz AP ' s  
was calculated ( Table s 6-VI I ,  6-VII I , 6 -IX and 6-X) . 
6 . 2 . 1 . 1 The N 1 amp l i t ude 
The mean amp li tudes as calculated for the 8 groups of 
waltzing guine a pigs (Tab le 6-VI I and 6 - IX )  are plotted in input­
output curves for both 1 0  kHz and 4 kHz s timulation (Fig.  6 - 8 ) . 
For high s timu lus leve ls the shi ft of the curves along the hori­
zontal axis is larger than for low s t imulus leve l s . This i s  
re f lected i n  the s teepness o f  the input-output curves . 
To i l lustrate the age dependence of the AP amplitude , 






A B c 
uV 10 kHz 10 kHz j1oo 
dB uV dB 
j 8o 
1 so 25 
1 20 
I 4 55 
I 4 45 I 2 
I 2 
I 2 
2 4 6 8 0 2 4 6 8 0 2 4 ms ms 
Compound AP and SP reaorded from J waltzing guinea pigs. 
10 kHz; duration 4 ms . 
A- waltzing guinea pig 4 days of age. 
B- waltzing guinea pig 9 days of age. 
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Toneburst 
histograms were made in whi ch the magnitude o f  the N 1 ampli tude 
i s  p lotted for each group o f  waltzing guinea pigs and for both 
groups (A and B )  of normal animals (Fi g .  6-9 ) . The fact that 
in norma l guinea pigs for s timu lus intensities up to 45 dB a 
N 1 latency di fference between the 4 kH z and 1 0  kH z AP ' s was 
found , s uggests that at lower stimulus intens ities distinct 
parts o f  the b as i lar membrane are activated ( section 6 . 1 . 2 ) . 
Therefore low s timu lus intens i ty data were plo tted in the his to­
grams : 1 0  kHz AP at 35 dB re 20 pPa and 4 kHz AP at 4 0  dB re 
2 0  pPa .  The reduction o f  the AP amplitudes in the younge st 
waltzers in compari s on w ith the N1 ampl itudes of normal guinea 
pigs is followed by a complete loss of detectable AP 1 s  s tarting 
with group 6 ( 1 7 days of age )  for both 1 0  kHz and 4 kHz AP ' s .  
The oldest animal o f  whi ch an AP could be recorded h ad an age 
o f  2 1  day s . 


















Fig. 6-8: Average ampli tude-intensity functions of the round !JJindow recorded 
10 kHz and 4 kHz compound AP as calculated for each group of 
waltzing guinea pigs . The !JJidth of the shaded area is 2 SD for 
normal guinea pigs . 
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Fig. 6-9: Age-re lated changes of the mean amp litudes of the 10 kHz and 
4 kHz compound AP at a 35 dB and 40 dB stimulus intensity leve l 
respectively . From nonnal guinea pigs the data of groups A and 
B are given; from waltzing guinea pigs the mean amp litudes of 
each group . 
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Fig. 6-10: Average latency-intensity functions of the 10 kHz and 4 kHz 
compound AP as calculated for waltzing guinea pigs . The width 
of the shadEd area is 2 SD for noma l  guinea pigs . 
The l arge SO ' s  expres s the great interindividual variation 
of the AP amplitudes w ithin each group . 
6 . 2 . 1 . 2  The N 1 latency 
The latency-intens i ty curves , ca lculated for all groups of 
waltzing guinea pigs , are shown in figure 6-10 for 1 0  kHz and 
4 kHz toneburst s t imu li .  For low s timu lus i ntensities ( up to 
35/ 4 0  dB) the number of N 1 latency data tha t  contributed to 
the mean l atency values of each group were decreased by abs ence 
of an AP response in s ome animals (Tab les 6-VII I  and 6-X)  • Such 
calculated mean latencies at these stimulus levels there fore 
are not repres entative for the enti re group . Hence the se mean 
latency data are not plo tted in the figures when less than half 
of the anima ls contributed to the mean values . For s timulus 
intens ities exceeding 35 dB respective ly 40 dB the curves are 
shi fte d  in a hori zontal dire ction wi th respect to the latency­
intens ity curves for normal animals (Fig.  6 - 3 ) . This shi ft 
ranges up to 30  dB for the 1 0 kHz and up to 20  dB for the 4 kHz 
curves . In contrast with the amp litude-intensity re lationship 
all latency-i ntensity curves are equidis t antly shi fted from 
the normal curves . 
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6 .  2 .  2 Th e Summa ting Po ten ti a l  
Fig. 6-11 : Average amplitude-intensity 
jUnctions of the 10 kHz SP 
as calC!Ulated for each group 
of waltzing guinea pigs . The 
width of the shadEd area is 
2 SD for normal guinea pigs . 
The me an values and the SO ' s ,  calculated for the SP ampli­
tudes o f  each group of waltzing guinea pigs , are given in tab le 
6-XI . To i llustrate the age- re lated changes o f  the SP the me an 
values o f  each group are plotted in input-output curve s (Fig . 
6 - 1 1 ) . These curves show an almost paralle l  shi ft from the nor­
mal re lationsh ip . Up to group 6 ( 1 7  days of age ) the shift a long 
the hori zontal axi s  is about 25 dB . As wi th normal guinea pigs 
the magni tude of the SP , recorded from the newborn waltzers , 
showed the tendency to be lower than the SP amp l itudes generate d  
b y  older animals . Thi s  i s  re flected b y  the low me an values cal­
culated for group 1 .  Starting with group 6 the shi ft progres s ­
ively increased up to a comple te loss o f  S P  in group 8 ( 6 5  days 
and older) • 
The histogram o f  figure 6 - 1 2  i llustrates the age dependence 
of the SP amplitudes at a 65 dB s timulus intensity leve l .  Thi s  
leve l was chosen t o  exceed the threshold for normal guinea pigs 
by about 4 0  dB . 
The magni tudes o f  the SO ' s indi cate that the interindividual 
divergence of the SP amp litude s is less pronounced compared to 
the 10  kHz AP dat a .  
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6 . 2 . 3 The C o c h l e a r  Mi c ropho n i a  
Fig. 6-12:  Age dependence of the mean 
arrp Zitudes of the 10 kHz 
SP at a 65 dB stirmt lus 
intensity Zeve l for nol'T!r2 l 
and waltzing guinea pigs • 
The 1 0  �V i s opotenti al curves averaged for each group of 
waltzers ( Tab le 6-XII)  are out lined in figure 6 - 1 3 . For groups 
2 up to 6 the isopotential curves vary within 6 dB from normal 
values ; groups 1 and 6 show a shi ft of approximate ly 10  dB .  
Starting wi th group 7 higher stimu lus i ntens ities are requi red 
to produce 10 �V CM potentials . 
The SO ' s  that were computed for each group of waltz ing gui ne a  
pigs are a lmos t  equal t o  the SO ' s  for norma l animals . Thi s  
i ndicates that the great interindividua l  variation that was 
found for compound AP ' s  in the waltzing gui nea pigs cannot be 
explained by vari ations in the recording technique . 




j .�.-=--;P$ v -�·?t:; 
-;-; ! ... . . . .  
Ill ill 
-· 
5 2  
Fig . 6-13:  Mean CM 1 0  � V isopotential 
curves averaged for each 
group of waltzing guinea 
pigs . The width of the 
shaded area is 2 SD for 
norma l guinea pigs . 
E l e c t ron Mi cros copy 
The morpho logi cal results obt ained by investigating the 
coch leae with the s canning e lectron mi croscope { SEM) and the 
transmi s s ion e lectron micros cope {TEM) are given in se ctions 
6 . 3  and 6 . 4  respective ly . 
Investigating the organ of Corti with SEM provides an exce l­
lent opportunity to s creen a l terations of i ts surface . At low 
magnification S EM can be us ed to visuali ze the entire organ 
throughout the turns . Thus i t  becomes possible to assess the 
local i z ation of changed hair cel l  patterns with an accuracy 
of � 0 . 5  rnrn .  At higher magnifi cation the percentage of mi s s in g  
h a i r  ce l ls in each section o f  one mi ll imete r  and the amount 
of dis tortion of the remaini ng hai r ce lls can be as sessed and 
recorded in cochleograrns . 
TEM is used to investigate cros s-sections of the organ of 
Corti . In contrast with SEM thi s  technique is limited to inves­
tigation of only minute parts of the organ . Therefore both te ch­
niques are to be used complementary : the entire surface of the 
organ of Corti i s  s creened by SEM at low magnifi cation , se lected 
p arts at high magn i fi cation and comparab le specimina are inves­
t i gated by TEM . 
6 . 3  Scann i ng E l e c tron Mi cros copy 
The organ of Corti of 32  normal and of 81 waltzing guinea 
pigs could be s tudied with SEM. Since in a pre l iminary study 
involving 20 waltzing guinea pigs the organ of Corti showed 
s imi lar hair ce ll los s and hair ce ll deformation for both i nner 
e ars , the le ft cochlea only was processed for SEM .  Selected 
parts of the right cochle a were prepared for TEM. 
Coch leograms we re made only i f  h air ce ll los s or alterati ons 
o f  the surface of the organ of Corti were found . Because of 
the irre gu larity of the s te reocilia in the most api cal part 
of the fourth turn ob served in all inner e ars studied , thi s  
part of the coch lea was exc luded from the cochleograrn .  The b as a l­
mos t two mi llimeters of the b asi lar membrane were exc luded for 
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technical reasons : to vi sualize thi s  part of the cochlea , the 
inner ear h ad to be remounted in a til ted position .  S uch a pro­
cedure easily i ntroduces me chanica l  damage to the inner e ar .  
From the remaining part o f  the cochlea the aspect of the 
hair ce lls in consecutive sections of one · mi l lime ter along the 
bas i l ar membrane were s tudied . For that purpose , the length 
of the organ of Corti throughout the turns was me asured from 
the "hook " region , being loc ated at 1 .  5 mm distance from the 
round wi ndow , towards the apical end ( Fernande z ,  19 5 2 ) . A line 
drawn from the hook region towards this apical end of the 
bas ilar membrane (at 18 . 5  mm from the round window) cuts the 
b as i l ar membrane at 8 . 5  mm ,  1 3  mm and 1 6 . 8  mm respectively.  
The first or b asal turn i s  located between 1 . 5  mm and 8 . 5 mm ;  
the se cond or upper bas a l  turn between 8 . 5  mm and 1 3  mm ;  the 
third or lowe r apical turn between 1 3  mm and 1 6 . 8  mm and the 
fourth or apical turn between 1 6 . 8  mm and 1 8 . 5  mm (Fernande z ,  
19  5 2 )  • 
6 . 3 . 1 Norma l g u i ne a  pigs 
From the normal guinea pigs the SEM re s ults are presented 
i rrespective of age , since the organ of Corti reve aled no age­
re lated ch anges of the dimens i on s  and the di s tribution pattern 
of the hair ce lls . The s urface of the individual IHC and OHC 
was found to be as described i n  section 2 . 1 . 5 .  Even in newborn 
animals of 3 and 4 hours of age a s trictly geome trical hair ce ll 
pattern was obs erved throughout the various turns (Fi g .  6 - 1 4 ) . 
Occas iona lly dupli cati on of OHC was found , mostly locate d in 
the lower half o f  the fi rs t turn . Infrequently also the I HC were 
doub led in th is part of the coch le a .  
Throughout the inner e ar the number o f  mi s s ing hair ce lls  
in each row of I HC and OHC n e v e r exceeded 5 pe rcent . In 
young anima ls h air ce ll los s  was uncommon ; with increasing age 
the number of mi s sing h ai r  ce lls s lightly increased. 
As previous ly mentioned all coch le ae showed s light irregu lar­
ities of the stereocilia of IHC and OHC in the api ca l turn . 
Towards the lower apical turn such irregu larities gradually 
de creased ,  resulting in a regu lar arrangement of the s tereoc i lia 
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Fig. 6-1 4 :  a) Surface of the organ of Corti in the upper basal turn of 
a normal guinea pig. A single row of inner hair cells (IHC) 
is separated from the 3 rows of outer hair cells (OHC1 2 3J J J 
by the surface of the inner pil lar cells (IPC) . Be�een the 
OHC the surface of the phalangeal plates of the Deiters ce lls 
(De ) is covered with numerous microvil li .  (SEM 2100x) 
b )  Higher magnification of onc1 of the basal turn. Three rows 
of stereocilia of different lengths cons titute the W-shaped 
arrangements . The angle be tween the Zimbs of the W increases 
towards the base of the cochlea. (SEM 9000x) 
OPC- Outer pi llar ce l l .  
o f  all hair ce lls o f  the organ o f  Corti below the 16 mm region . 
Bulging o f  the cuti cular sur face was n e v e r observed in 
norma l anima ls . The characteristic W-shaped pattern o f  the OHC­
s tereocilia di sclosed an increas ing angle between both limbs 
towards the b as e  of the coch le a .  
In contrast with the cuticular region o f  the hair ce lls  the 
apical part of the supporting ce lls  was characteri zed by nume r­
ous mi crovi lli on the entire cell surface . The dimension s  and 
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the number of the microvil l i  varied among the different s up­
porting ce lls , i . e .  border cells , pi l lar ce lls and phalange al 
ce lls . Gaps occurring in the reticular lamina due to hair ce l l  
loss were s ealed b y  alte red adj acent supporting cel ls , leading 
to s c ar formation . In the s e  s cars the aspect of the mi crovi lli 
revealed the character of the contributing ce lls . Some times 
small fractures i n  the reti cular lamina were seen in the region 
of mis s ing hair ce lls . 
Specimen p roce s s ing caused considerab le shrinkage o f  the 
ge latinous te ctorial membrane ( Soudi j n ,  19 7 6 ) . As a result the 
te ctorial membrane reversed a long i ts line of attachment to 
the spiral limbus . Nevertheles s this arti fact proved to be ad­
vantageous for SEM investigations : it provided an exce llent 
opportunity to vis uali ze the underside of the te ctorial membrane . 
Imprints of the longe s t  s te reocilia of all rows of OHC could 
be ob serve d ,  as could Hensen ' s  stripe , being a thickened region 
on the unders ide o f  the tectorial membrane located just medi a l  
t o  the site o f  the I HC .  Whe reas imp ress ions of OHC stereoc i lia 
we re a common ob servation i n  the first , the second and part 
of the third turn , they were never seen on the unde rs ide o f  
the te ctorial membrane located in the region from 1 4  mm upward . 
Imprints of IHC , as described for other mammals by some authors 
(Hoshino , 19 7 6 ;  Lim , 1 9 7 7 ) , were never observed . Sometime s the 
unders ide of the reversed tectori al membrane had a nearly flat 
aspect in the transve rs al direction instead of the commonly 
found s lightly curled appe arance . In such specimens the distance 
between the imprints of OHC1 and OHC2 hairs was found to be 
almos t  equal to the interspace be tween the corresponding s te reo­
cilia of OHC1 and OHC2 (Fig . 6- 1 5 ) . The dis tance between 
Hensen ' s  s tripe and the imp rints of OHC 1 was comparab le to that 
Fig. 6-1 5 :  a) Underside of the tectorial membrane in the upper basa l turn 
of a normal guinea pig (SEM 5000x ) .  The distance be tween the 
imprints of the s tereocilia of OHC1 and OHC2 (15�) is almost 
equal to the interspace between (b) the corresponding stereocilia 
of OHC1 and OHC2 (16�) . (SEM 4600x )  
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Fig. 6-16: a) Surface of the organ of Corti in the upper basal turn of 
a normal guinea pig (SEM 1 800x) . The distance betl.!een the stereo­
cilia of IHC and OHC1 (25�) is almost equal to that between 
Hensen 's stripe (Hs) and the imprints of OHC1 stereocilia (23�) 
on the underside of the tectorial membrane (b) .  (SEM 2000x) 
between the s tereoci lia of I HC and OHC 1 (Fig . 6 - 1 6 ) . Re liable 
measurements , however , could not be carried out be cause of the 
di f fe rences in the angles of vision to the tectorial membrane 
and to the organ of Corti . The diameter of the imp rints appeared 
Fig. 6-17: Different grades of distortion of the surface of the IHC in 
waltzing guinea pigs of different ages. The marks correspond 
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to the grades of distortion. Finally the apical portion of the 
sensory ae Z l is expe Ued and can be found as ce ZZ debris covering 
the organ of Corti . (SEM 4000-5800x) 


to be equal to the di amete r  of the tips of the stereocili a .  
The s e  ob servations were con s i s tent i n  both the basal and upper 
basal turn . 
Normally the outer rim of the tectorial membrane was unbroken 
in the gu ine a pig i nne r ear . In specimens showing artifi c i a l  
derangement of the tectorial memb rane , occas ionally a connect ion 
between the hai rs of the OHC or IHC and the te ctori al membr ane 
could be seen. Con comitantly a s o- called marginal ne t 
( " Randfadennetz " ) , being a perforated oute r rim of the te ctorial 
membrane , could be obs e rved . These derangements mostly affe cted 
the api cal turn . In such spe cimens the vi sible part of the re­
t icular lamina a lways showed othe r arti facts in these reg i on s  
such as transverse cracks of the re ticular lamina , distorti on 
o f  hair ce lls and alte rations in the number and shape of the 
mi crovi lli of the supporting cells . Such specimens obvious ly 
demonstrating re gional arti fi cial derangements , neve rthe les s  
could show a complete ly normal outer rim o f  the tec tori al mem­
b rane in othe r undistorted parts of the same coch le a .  
6 . 3 . 2 Wa l tzing guine a pigs 
The organ o f  Corti of the waltz ing guine a pigs as observed 
with SEM showed di stortion of the s urface of the hair ce l l  
top in all anima ls . The amount of distortion progressed with 
age . In order to re cord thi s  in a coch leogram the amoun t o f  
distortion of the surface of e ach hair ce ll top was graded from 
0 to 4 (Figs . 6 - 1 7  and 6- 1 8 ) . 
i Grade 0 :  normal undis torted hair ce ll surface . 
ii  Grade 1 : s light bu lging of the cuticular plate . The b ase 
of the s tereoci lia in relation to the surface of the sur­
rounding reticu lar lami na could be minimally e levated ,  
but was ne arly a lways at the s ame level . Thus the hair- fe e t  
impressed the cuticular plate surface in the centre . The 
s trictly geome trical array of the hairs was not changed . 
Fig .  6-1 8: Different grades of distortion of the surface of the OHC in 
waltzing guinea pigs of different ages . The marks correspond 
to the grades of distortion. (SEM 3000-9000x) 
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iii Grade 2 :  progre ssive bu lging of the cuticula and mi ld 
separati on of the s te reoci lia . As a re sult of th is bulging 
marked e levation of the h ai r- feet occurre d ,  nothwith­
s tanding the fact that the base of the hairs still s ome­
what impre s sed the cuticular s urface . The regular hair 
pattern could be s light ly deranged .  B lebs on the surface 
of the hai rs we re often observe d . 
iiii Grade 3 :  severe bu lging of the cuti cular plate , now also 
i nvo lving the b asis of the ste reoci lia , re sulting in e l­
evation o f  the enti re ce ll surface i nc luding the hai r- fee t .  
The di stinct di s tortion o f  the hai rs consisted of an in­
creased irregularity i n  s i ze and di ame ter . Thi s  derange ­
ment i nvolve d  all s tereoci lia , neve rthe less all hai rs were 
s ti l l  s eparated . The numb e r  of b lebs had increased . 
ii iii Grade 4 :  progressive b re akdown of the ce ll surface , 
s tarti ng with fusion of the hai rs at the i r  basal end and 
leading to the formation of gi ant s te re oci li a .  All s tadia 
of hair- fusion occurre d .  The de gree of fusi on of the 
s tereoci lia in adj acent h ai r  ce lls some time s demon strated 
di ffe rent s tadi a .  Finally ce ll remnants were expe l led , 
being vi sible i n  SE� as ce ll debris covering the reticular 
lami na .  The resulting gaps in the surface of the organ 
of Corti we re c losed by alte re d  s upporting ce l ls .  
Both IHC and OHC of waltzi ng guinea pigs revealed these 
vari ous grades of distortion . Whe reas the amount of distortion 
sometimes s l ight ly varied between the hair ce lls a mean grade 
of distortion was estimated for all cells within each con se cu­
tive se ction of one mi l l imeter of the organ of Corti . Mi ld di s ­
tortion only i n  the absence of any bu lging of the cuti cular 
plate , which could regularly be obs e rved i n  the apical turn of 
normal and s ometimes i n  waltzing guinea pigs , was di sre garded 
in the grading procedure . When thi s  k ind of di storti on was ac­
companied by b u lging of the cuti cular plate , however ,  the de­
formation was e stimated as being pathologi cal and registered 
as s uch . Thi s  and the percentage of h ai r  ce ll loss were mapped 
in a coch leogram as previously des cribed . Thus for each waltzing 
guinea pig two coch leograms were made i n  which for e ach 
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Fig. 6-19 : CochZeo�ams of each g�up of waltzing guinea pigs describing 
hair ce ZZ distortion (shaded area) and hair ce ZZ loss (black 
area) in each consecutive section of 1 mm of the organ of Corti. 
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success ive mi llime ter the percentage o£ hair ce ll loss and the 
grade of distortion were des cribed . These individual data are 
given in tab le 6 -XI I I  (Appendix) . In s ome case s the inner e ars 
could not be s tudied with SEM. This mainly occurred in case 
of extens ive preparation arti facts and me'chanical trauma ( se e  
Tab le 6 -XI I I )  • P reparati on arti facts we re mainly found in o l d  
animals . 
As wi th the e lectrophysiological results 8 age groups were 
constituted .  For each of the 8 groups ( des cribed in se ction 5 . 1 ) 
the individual coch leograms were averaged . Thus group cochlea­
grams were obtained des cribing the m e a n hair ce ll loss 
and the m e a n grade of distortion of the IHC , as we ll as 
for the combination of the 3 rows of OHC . The se group coch lea­
grams are e laborated with respe ct to hair ce ll loss and hair 
ce ll distortion ; when nece s s ary the individual data of tab le 
6 -XI I I  are reviewed . The s ubmi croscopical aspe ct of the tectori al 
membrane as revealed with SEM ( 6 . 3 . 2 . 2 ) and that of the s up­
p orting ce lls are presente d  separate ly (6 . 3 . 2 . 3 ) . 
6 . 3 . 2 . 1  Group c o c h Z e ograms 
The coch leographic data concerning m e a n hair ce ll los s  
and m e a n distortion for e ach group are graphically i llus­
trated i n  fi gure 6 - 1 9 .  The s urface of the organ of Corti of 
a waltzing guinea pi g from e ach group is shown in fi gure s 6 - 2 0  
and 6 - 2 1 .  
i - Hair ce Z Z  Z o s s  
The l o s s  of h air ce lls w a s  negle ctible up t o  group 5 ,  i . e .  
up to 9 days o f  l i fe . I n  o lder animals hair ce ll loss became 
a common obs e rvation , whi ch i s  re flected in the group cochlea­
grams of groups 5 ,  6 ,  7 and 8 .  In group 5 the ave rage loss of 
OHC e xceeded that of I HC ;  i n  the remaining groups wi th hair ce ll 
Fig. 6-20 : Surface of the organ of Corti of waZtzing guinea pigs corre­
sponding to groups 1-4. With increasing age sensory ce ZZ dis­
tortion progressed. IHC and OHC3 were mostZy affected, foZZowed 
by OHC2 and OHC1 . (SEM 1 500-2000x) 
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loss IHC were more affected than OHC . H ai r  ce l l  loss s tarted 
i n  the transitional z one between the basal and the upper b a s a l  
turn . With i ncre as ing age this loss spre aded apically and to­
wards the b ase . Finally (group 8 ,  older than 6 4  day s )  nearly 
all hair ce l ls had disappeared . Within e ach section of the organ 
of Corti the loss of OHC3 exceeded that of OHC2 and OHC 1 • In 
groups 6 ,  7 and 8 the me an loss of IHC was greate r than that 
o f  OHC 3 • 
The i ndividual coch leograms of group 6 ( aging over 1 7  day s )  
showed di ffe rent patte rns o f  hai r  cel l  des t ruction : i n  6 
coch leae destruction of I HC e xceeded that of OHC and in 2 ani­
mals the loss of OHC dominated that of IHC . In the other 
waltze rs of group 6 IHC and OHC were equally affe cted .  In group 
7 di s integration of IHC was a lmost comparable to that of OHC .  
Only i n  two animals ( out of 1 4 ) the loss o f  IHC clearly exceeded 
that of OHC . The i ndividual coch leograms of groups 5 ,  6 and 
7 furthermore show that the amount of hair ce ll loss was subj ect 
to interindividual vari ations . 
In some of the inner e ars of group 8 the organ of Corti had 
comp le te ly disappeared . I ts place was taken by a microvi l l i ­
covered laye r o f  irregular ly shaped f l a t  ce lls covering the 
basi lar membrane . 
ii - Hair c e l l  dis tortion 
The typi ca l waltzer k ind of hair ce l l  di storti on was obse rved 
alre ady neonatally in animals s acri ficed 1 and 2 hours after 
bi rth respective l y  ( Table 6 -XI I I )  . 
The mean grade of hair ce ll distortion that was calculated 
for the groups was mainly de termined by IHC and OHC3 , whereas 
OHC2 and OHC1 di sclosed less pronounced alterations of the ce ll 
Fig. 6-21 : Surface of the organ of Corti of waltzing guinea pigs corre­
sponding to groups 5-B. Hair ce ll loss became a common observation 
in group 5. In animals aging over 64 days (group 8) nearly all 
hair ce lls were degenerated. Regions of the organ of Corti with 
severe hair ce ll loss often showed large cracks in the reticular 
(SEM 1500-1 700x) 
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surfaces . Along the cochlear partition maximum dis tortion was 
found in the apical turns . Towards the base this gradually de­
creased . In al l groups the most basal part of the cochlea showed 
the least dis torted hair cells when compared with the remain ing 
parts of the b asal turn and the upper b as al turn (Fig . 6- 19 ) . 
H ai r  ce l l  dis tortion was s imi lar in groups 1 and 2 .  In group 
3 ,  howeve r ,  the IHC were on ly minimally distorted , whereas for 
the OHC the amount of di s tortion and its dis tribution pattern 
were almos t equal to that of the younger groups . S tarting with 
group 4 ( 5  days of life)  the mean grade of dis tortion of IHC 
and OHC progres sive ly increased with age . In group 7 the hair 
cells were severely altered , showing dis tortion grades 3 and 4 .  
Mos t  of the remaining hair cells in group 8 demonstrated exten­
sive fus ion of the stereocilia and cytop lasmic protrus ions . 
Mos tly ,  howeve r ,  only some cell remnants were found . 
A remarkab le observation in groups 5 and 6 was the occurrence 
of s li ghtly dis torted OHC1 in some inner ears in a region of 
the organ of Corti di splaying moderate loss of the same row 
o f  OHC .  
6 . 3 . 2 . 2 Tec toria l memb rane 
The tectorial membrane had normal dimensions and a normal 
appearance in mos t of the animals s tudi e d .  I rrespe ctive of 
eventual hair ce ll los s , normal impress i ons of OHC were found 
on the unders ide of the tectorial membrane ( Fi g .  6 - 2 2 )  except 
for the apical turn . A s triking finding in s ome animals was 
the presence of a second row of imprints locali zed at the 
modiolar s i de of the normally found W-shaped impressions ( F i g .  
6 - 2 3 ) . 
In al l animals aging over 3 months the tectorial membrane 
Fig. 6-22: a) Underside of the tectorial membrane in the basal turn of 
a group 2 (2 days) waltzing guinea pig. Clear imprints of the 
longest stereocilia of OHC1 and OHC2 can be seen. (SEM 4200x) 
b) Higher magnification of the imprints of OHC1 stereocilia. 
Only a single row of impressions is found. (SEM 13. 000x) 
c) Corresponding OHC1 distortion grade 2 .  (SEM 12. 000x) 
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Fig. 6-24: a) Lateral view of the cochlea of a 10 months o ld waltzing guinea 
pig. The organ of Corti has completely disappeared, leaving a 
flat layer covering the basilar membrane (BMJ . The tectorial 
membrane (TM) is still  present. (SEM 30x) 
b) Underside of the tectorial membrane of the basal turn. Im­
pressions of stereocilia of OHC1 are still visible. (SEM 5500x) 
was s ti l l  present even when the organ of Corti had comple tely 
di s appeared (Fi g . 6 - 2 4 ) . The underside showed imprints of 3 
rows of OHC ,  regardless of the percentage of hair ce ll loss 
in the corresponding region of the organ of Corti . Even the 
te ctorial membrane of the oldest waltzer ( 10 months of age) dem­
ons trated s uch impri nts . This observation undoubtedly indicates 
that there has been a fi rm attachment between the OHC and the 
Fig. 6-23: a) Underside of the tectorial membrane of a 3 days old waltzing 
guinea pig. Imprints of the stereoci lia of OHC1 and OHC2 are 
doub led or even tripled. (SEM 3JOOx) 
b and c) Higher magnifications of the double row of imprints 
of OHC2 stereocilia (arrows) .  (SEM 1 J. 500x) 
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tec torial membrane . I t  proves furthermore that the s e  imprints 
cannot be considered to be arti facts caused by specimen pro­
ces sing . Because of the long timespan between total hair ce l l  
los s ( age approximate ly 3 month s )  and the observati ons a s  de­
s cribed , i t  might be conc luded that , i f  any , the b a s a l 
layer of the tectorial membrane has a low metabolic turnove r .  
6 . 3 . 2 . 3 Supporting c e l l s 
The s upporting ce lls contributing to the reticular lamina 
were normally shaped up t i l l  the begi nning of hai r  cell los s 
( group 5 )  • When destru ction of the hair ce lls occurred ( groups 
5- 8 )  , the resulting gaps of the reticular lamina were closed 
by alteration of adj acent supporting ce lls . In case of mis s i ng 
OHC1 the lesion was closed by 2 adj acent outer pi l lar he ads . 
For OHC2 the laceration created by the expe lled hair ce l l  was 
covered by 2 outer pi llar cells together with the phalangeal 
plates of the Dei ters cells (Fi g .  6- 2 1 ) . Reconstruction of the 
lesions caused by a loss of OHC 3 took place by the phalangeal 
plates of the Dei ters cells together w i th the upper part of 
Hensen ' s  ce lls . Mis sing IHC were replaced by altered inner phal­
angea l  ce lls , border cells and inner pi llar ce lls (Fi g .  6 - 21 ) . 
In re gions showing extensive hair ce l l  loss , large s cars 
were formed in which the regu lar aspec t  of the reticular lamina 
had disappeared due to seve re alteration of the supporting ce lls . 
Obvious ly these were the regions of the organ of Corti being 
mos t sus ceptible to preparation artifacts : here regularly large 
transverse cracks could be observed . Wi th increasing age these 
s cars extended , leading to gross alteration of the organ of 
Corti . I t  mus t  be assumed ,  that in the s e  cases the great loss 
of hair ce lls and the hypertrophy of the supporting cells leaded 
to increased fragi lity of the organ of Corti . Finally the sup­
porting ce lls degene rated too , leavi ng only a f lat microvi lli­
covered layer bounding the b as i lar memb rane . 
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8 . 4 Transmi s s i on E l e ctron Mi cro s copy 
From all normal and waltzing guinea pigs of which SEM data 
h ad been obtai ned,  the right coch lea was proces s ed for TEM . 
Nearly al l coch leae were embedded undi s sected in order to mini­
mi ze the chance for damage due to microdissection . Consequently 
i n  these large tis sueb locks di ffus ion processes could be ham­
pe re d ,  occasionally resulting in parti a l  inhomogeneities of 
the resin in the central parts of the cochlea . Such tis sueb locks 
h ad to be re j e cted for further inve stigation . 
P rior to u ltrathin se ctioning semi thin sections for light 
micros copy we re obtained for orientati on purposes . The structure 
of the organ of Corti of normal guinea pigs as reve aled in thes e  
semithin sections appeared t o  b e  a s  des cribed i n  the li terature 
( se ction 2 . 1 . 5 ) . In walt zing guinea pigs , howeve r ,  light mi cro­
scopy showed alterations of the hai r ce ll top . In the youngest 
animals a s light e levation of the cuticular plate of IHC and 
OHC could be found (Fi g .  6 - 3 1 ) . Wi th i ncreasing age the morphol­
ogi cal alte rati ons extended to compri se the upper half of the 
hair ce lls . The norma l array of the s te reocilia became dis torted 
and the cuticula progres sive ly protruded above the leve l of 
the s urrounding supporting cells . The s e  changes primari ly in­
volved IHC and OHC3 � OHC2 and OHC1 were less affected in a l l  
i nner ears . The s ubapi cal region of the OHC of olde r animals 
showed vacuoli z ati on s tarting in the upper part of the first 
turn and the lowe r half of the second . The OHC i n  the b as a lmost 
part of the cochlea were the last to show s uch vacuoles . 
The s upporting ce lls of the organ of Corti remained una ltered 
up to the moment that hair ce ll los s occurred .  Then the sup­
porting cel ls hype rtrophied filling up the de fe ct . 
I n  the organ o f  nearly all group 8 animals almost a l l  hai r 
ce l ls were mi ssing . In waltzing guinea pigs aging over 6 months 
the i r  places on the basi lar membrane had been taken by altere d  
supporting ce lls . The tectorial membrane a s  we ll a s  the spiral 
limbus remained unaltered . Morph ology of the wal l s  of the 
coch lear duct (Re i ssner ' s  membrane , s tria vascularis and bas i lar 
memb rane ) was normal in all animals studied . S tarting wi th group 
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Fig. 6-25: a) Apical part of the IHC; b) Apical part of the OHC. Basal 
turn� normal guinea pig. The apical zone is dominated by the 
stereocilia (St) and the cuticular plate (C) . The subapical 
zone contains numerous mitochondria (Mi) and an extensive endo­
plasmic reticulum (ER) . (TEM 6500x) 
B- Border ce ll; De- Deiters ce ll; IPC- Inner pillar cell. 
7 animals the spiral ganglion became depopulated .  
To s tudy the earliest alterations o f  the organ of Corti a 
minute des cription of the ultrastructure to be visualized i s  
requi red .  For s ake o f  comparis on the organ of Corti in normal 
animals as proce ssed with the s ame preparation techniques had 
to be s tudied . The ultrathin sections for TEM were acqui red 
from the region located between approximately 4 and 8 mm . 
6 . 4 . 1 Norma l guinea pigs 
Submi croscopically the IHC and OHC were di fferentiated in 
an apical zone , a s ubapi cal zone , an i ntermediate z one and a 
basal zone ( I urato , 1 9 6 7 )  • Only the submicroscopical detai ls 
that were not mentioned in section 2 . 1 . 5  are given here . 
i - Api c a l  an d s ubap i c a l  zone  
I n  both IHC and OHC the api cal zone was main ly dominated 
by the s tereoci lia and the cuticular p late ( Fi g .  6 - 2 5 ) . In un­
alte red hair ce l ls the s te reoci lia were separated from e ach 
other . Fib ri ll ar materi al inte rconnecting the ste reoci lia was 
Fig. 6-26: a) Cross section through the stereoci lia of OHC2 and the cuticula 
(C) of OHC1 in the upper basal turn of a normal guinea pig. 
Numerous microvi lli (MV) are transsected at the level of the 
Deiters ce ll  (De) . No bridging material is found between the 
individual stereocilia. The arrow points tfMards a centriole-
like basal body. (TEM 6500x) 
b) Higher magnification reveals the tubular aspect of some 
central cores (dC) . Each core is surrounded by a lighter zone. 
(TEM 60. 000x) 
CF- Cuticula-free region. 
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never observe d ,  e xcept for the inner ears i n  whi ch othe r fix­
ation arti facts could be found too . 
On cross se ction the inner s tructure of each hair contai ned 
many longi tudi nally oriented fi laments with a diame ter of ap­
proximate ly 5 nm embedded in a matri x .  There is growing evidence 
that these filaments consist of actin ( Zenne r ,  1 9 8 1 ) . The array 
of the fi laments with in e ach hair di d not show any age-re lated 
change s . Towards the cuti cula the fi laments drew close together 
to form a central core , the dimensions of which tapered whi le 
continui ng down into the cuticu l a .  On cros s section the central 
core often had a tubular aspect (Fig . 6 - 2 6 ) . In the e lectron­
dense cuticular material the central core was consistently s ur­
rounded by an e le ctron- lucent zone . Frequently the rootlet h ad 
perforated the cuticula i nto the cytoplasm of the api cal zone . 
Especially i n  OHC 3 the lowe r part o f  the cuti cular plate showed 
i rregular protrus ions extending down into the s ubapical zone 
ove r  a di stance up to 20 �m. In young animals a centriole- like 
b as al body was observe d  in the identati on at the lateral part 
o f  the cuti cula ( Fi g .  6- 2 7) . In older anima ls the centriole 
lacked . 
Directly underne ath the cuti cular plate and in the region 
of the indentation i n  both IHC and OHC numerous thin tubular 
s tructures we re foun d .  I n  the subcuticu lar region these appe ared 
to run i n  various di re ctions , often contacting the cuticular 
plate materi al , particularly in the region of the cuticular 
Fig. 6-2?: a) Apiaal part of OHC in the basal turn of a normal guinea pig. 
The marked squares aorrespond to b and a. 
b) De tail of the autiaula-free region of the apiaal zone. Several 
miarotubuli (Mt) along the autiauZa (C) and the eZeatron-dense 
material of the ae Zl margin is seen. The faintly visible basal 
body (Ce )  aauses some bulging of the plasmamembrane ( asterix) . 
(TEM 30. OOOx) 
a) In the direat subautiaular region a Hensen body (Hb) surrounded 
by mi tochondria (Mi) is found in the cytoplasm (Gp) . (TEM 40. 000x) 
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Fig. 6-28: a) The inte�ediate zone of OHC shows several layers of die­
continuous merribranee (DM) below the plasmamerribranes . (TEM 28. 000x) 
b) The distance between the outermost layer of the discontinuous 
merri>ranes and the plas1711lJ7r3rribrane is constant. In between small  
e lectron-dense bridges (Br) can be  seen. (TEM BO . OOOx) 
qp- cytoplasm; Mi- Mitochondria; Nu- Nue ll 's apace. 
protrus ions . 
Along the cel l-j unctions between the api c a l  part of the 
sens ory ce lls and adj acent s upporting ce lls an accumulation 
of dense material was foun d ,  being apposed to the inner leaflets 
of the plasmamembranes o f  both hair and s upporting ce l ls . The 
ce ll-junctions between h ai r  and supporting ce lls consi ste d  
o f  ti ght j unctions ( occluding type } a t  the si te o f  the lamina 
re ticularis . Below these j unctions no surface membrane special­
i z ation was found . The j unctions between adj acent supporting 
ce lls at the leve l  o f  the reticular lamina were also of the 
occ luding type . 
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i i  - In t e rm e dia te z one 
The inte rmediate z one o f  the IHC con tained a rough surfaced 
endoplasmi c re ti culum ,  cluste rs of free ribosome s , some mi to­
chondri a ,  microtubules and glycogen granules . In this zone the 
mi crotubuli mainly took a longi tudinal course towards the 
synapti c re gion located i n  the b as al part . There the micro­
tubules became oriented more transverse ly . 
Whereas i n  IHC on ly a s i n gle laye r o f  di s conti nuous membranes 
was present , the OHC showed up to 7 layers (Fig . 6 - 2 8 ) . The 
outermost lay� r was often pre sent as a long ciste rna , where as 
the inne r layers appeare d  more ves icular . The di stance betwee n  
the oute rmos t row of di scontinuous membranes and the p lasmamem­
brane was cons tant along the enti re ce l l . Herei n small electron­
dense bridges were found inte rs paci ng the gap between the outer 
layer of the subsurface cistern a  and the inner leafle t of the 
p l asmamemb rane . C lose ly associ ated with the s e  subsurface cis­
te rnae was a row of e longated mi tochondria .  The central part 
of the interme di ate z one i n  the se OHC w as less di fferentiated 
than in IHC: glycogen granules , s ome ribosomes , a few mi to­
chondri a and mi crotubules were observe d . 
i i i  - Bas a l  z one 
I n  b oth IHC and OHC the b as a l  zone contained an endoplasmi c 
re ti culum , ribosome s ,  small rounded mi tochondria ,  an accumu­
lation of ves i cles o f  varying dimensions and microtubu les . In 
OHC and IHC di s continuous membranes were pre sent as a s ingle 
layer directly beneath the p lasmamembrane . In the synapt i c  
zone the dis conti nuous layers were totally absent . 
Nearly all synapses of the afferent and e ffe rent nerve s were 
located at this z one of the hai r  ce l l .  On the IHC , however ,  s ome 
afferen t nerve endi ngs were localized also on the intermedi ate 
zone . I ntrace l lularly the presynaptic regi on adj acent to the 
affe rent ne rve endings was free of spe ci a l i zed membranous s t ruc­
tures , howeve r ,  in IHC ( b u t n e v e r i n 0 H C ! ) this 
region showed s o-called synapti c bars , surrounded by rounded 
ves icles (Fi g .  6 - 2 9 ) . In guinea pi gs aging up to 2 days no 
synaptic b ars could be observe d ,  inste ad on ly synapti c ve s icles 
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were present . During the first week of life the s i ze and the 
number of synapti c bars were found to i ncre ase . 
The affe rent presynaptic membrane pointed out to have a s imi­
lar wi dth an d densi ty as the remai ning part of the plasmamem­
br ane of the IHC ; the pos tsynaptic membrane , howeve r ,  was 
thi ckened by an e lectron-dense coating . The synapti c gap h ad 
a wi dth o f  approximate ly 1 8  nm. The affe rent nerve endings con­
tained some mi tochondri a ,  a small numbe r of large vesi cles of 
varying si ze ( 2 0 - 8 0  nm) and some neurotubu les . 
In the IHC and OHC the region oppos i te to the e fferent nerves 
showed a pos tsynaptic ciste rn a ,  havi ng the s ame aspect and the 
s ame dimension s  as the outermost layer of the dis continuous 
membranes . Howeve r ,  th is cisterna was not connected to the se 
membranous s t ructures . The e fferent nerve terminals of the OHC 
had a bulbous shape and con tained a large number of granu les , 
dense core d  ve s i c les ( 2 8- 3 0  nm) and s ome mitochondria (Fi g .  
6- 30 ) . 
Fig. 6-29 : a) Basal zone of an IHC in a newborn guinea pig. Basal turn. 
(TEM 20. 000x) b) Higher magnification of the marked square 
of a. (TEM 95. 000x) In the basal zone of the IHC only some 
synaptic vesicles ( Ves) can be seen adjacent to the afferent 
nerves ( aff) . 
c) Basal zone of an IHC of a 4 days old normal guinea pig. Basal 
turn. (TEM 20. 000x) d) Higher magnification of c (TEft1 150. 000x) . 
In the basal zone a single synaptic bar (Sb) surrounded by 
vesicles can be seen. The synapse with the afferent nerve is 
slightly undulating. 
e) Basal zone of an IHC of a 7 days old normal guinea pig. 
(TEM 20. 000x) f) Higher magni�cation of e (TEM 90. 000x) . In 
the IHC two synaptic bars surrounded by vesicles are present. 
In the postsynaptic region opposite to the efferent nerve (eff) 
a postsynaptic cisterna (cy) is found. 
CV- Coated vesicle; Mi- Mitochondria; Sy- Synaptic gap . 
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Fig. 6-30: a) Basal zone of OHC3; normal guinea pig; basal turn. On ly 
afferent newes (aff) innervate the base of the OHC. In the 
basal zone numerous mitochondria (Mi) and microtubuli (Mt) are 
found. (TEM 10 .  OOO:z:) 
b) Basal zone of OHC1 at the same leve l as a. MUltiple efferent 
nerves (eff) and 3 afferent newes can be seen. Postsynaptic 
cisternae (s tars) are present directly beneath the plasmamembrane 
in the region opposite to the efferent newes. (TEM lO. OOO:z:) 
De- Dei ters ce Zls. 
6 . 4 . 2  Wa l t zing g u i n e a  p i gs 
i - The earlie st s tructural change s of the organ of Corti were 
re lated to the hair ce ll top ( Fi g .  6 - 3 1 ) . In both IHC and OHC 
the mos t  pe ripheral parts of the cuti cula and the cuti cula-
free re gion were e levated with respe ct to the phalangeal surface 
of adj a cent s upporting ce lls . The hai r-bearing part , i . e .  the 
cen tral cuticular region , howeve r ,  hardly protruded .  The inner 
s tructure of the hairs s eemed to be normal wi th respect to the 
array of the actin fi laments . Thi s  e arly , but l imited , 
82  
de formation of the hair ce l l  top agrees we ll with distortion 
grade 1 as des cribed for SEM ( see section 6 . 3 . 2 ) . 
The s ub apical and the intermedi ate zones of both IHC and 
OHC di d not reve al any a lterations . As for the cytoskeleton 
mi crotubu les showed a normal di stribution pattern and size . 
I n  OHC up to 7 layers of dis continuous membranes could be di s­
ti nguished . 
The inne rvation by afferent and e f fe rent nerves on the p lasma­
memb rane of the b as a l  zone was normal i n  the younge s t  waltzers 
(Fi g .  6 - 3 2 ) . Howeve r , i n  IHC the presynaptic region adj acent 
to affe rent nerves showed some ves i c les only � synaptic bars 
comp lete ly lacke d .  For animals aging more than 2 days thi s  lack 
of synaptic bars is typi cal and in striking contrast wi th the 
situati on in normal guinea pigs . 
The ultras tructure of the supporting ce lls was unaltere d ;  
the number o f  tube- like fi laments and microfi laments were normal .  
i i  - When h ai r  ce l l  top changes h ad progressed , corresponding 
to dis torti on grade 2 for SEM , the central part of the cuti cula 
too had be come mark edly e levated . Sometimes a minor dis arrange­
ment in the posi tion of the h ai rs could be observed ,  resulting 
i n  a ce rtain degree of de fle ction of the h ai rs (Fig. 6 - 3 3 ) . 
The inner as pe ct of the s te reocil i a  was unchanged showing nu­
me rous fi laments . The dimensions and shape of the cuti cular 
p late as such we re normal . Regularly in young waltzers a cen­
tri ole could be found in the cuti cula- free region . The ce l l­
j unctions with adj acent s upporting ce l l s  were unchanged showing 
ti ght j uncti on s . 
In s ome animals a s light increase in lysosome- like inc lusion 
bodies was found i n  the sub api cal and i ntermediate zones ; the 
mi tochon dria were norma l .  Mi crotubule s , di s continuous memb ranes 
and glycoge n  parti cles we re normal ly di s tribute d .  Howeve r ,  in 
some animals of group 5 and olde r ,  occasionally severe vacuoli­
zation o f  the discontinuous membranes i n  the subapi cal zone 
of the OHC1 could be observed . In such animals OHC 3 and IHC 
always showed progressed distortion of the hair ce l l  tops . In 
the basal p art of the IHC synapti c bars were complete ly abse n t .  
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"Fig. 6-31 : Cross section of the organ of Corti of a 2 days oZd waltzing 
guinea pig. Note the protrusion of the hair ce ZZ tops (arrows) 
above the leve l of the reticular lamina. The gross shape of the 
sensory cells (i- IHC; 1� 2� 3- OHC) and the supporting ce lls 
(De- Deiters aells; He- Hensen 's cells) is normal. (LM 500x) 
BM- Basilar merriJrane; CT- Corti tunnel; TM- Tectorial membrane . 
Fig. 6-32: a) Basal zone of an IHC of a 3 days old waltzing guinea pig. In 
the region adjacent to the synapse (Sy) with the afferent nerves 
(aff) the basal zone of the IHC contains synaptic vesicles (Ves) . 
The shape of the microtubules (Mt) is normal. (TEM 40. 000x) 
b) BasaZ zone of an OHC of the same animal.  The innervation by 
efferent (eff) nerves is normal. (TEM 20. 000x) 
De- Deiters ce lZs. 
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The affe rent nerves on the IHC were sometimes seen as s lightly 
swol len ( Fi g .  6- 3 3) . In contrast , the innervation of OHC was 
always unchanged .  
i i i  - Further degene rati on o f  the api cal part of the hair ce lls , 
for SEM images corresponding to di s torti on grade 3 ,  was vis i b le 
as an advanced di s arrangement of the ste reoc i l ia and a prog­
res sed bulging of the apical part of the h air ce lls . Nearly 
all hairs h ad lost thei r  upright positi on . S ti ll the aspect 
of the fi laments within the hairs was unchanged (Fi g .  6 - 3 4 ) . 
Occasion a l ly cytoplasmi c organelle s  and glycogen parti c les were 
found locate d at the b ase of the stereoci lia , obvi ous ly dis ­
p laced from the s ubapi cal zone (Fi g .  6 - 35 ) . The cuticula some­
times appeare d  s omewhat thi ckened . 
The most s triking changes of OHC were found i n  the s ubapical 
zone . Ci s te rnal swe lling of the dis continuous membranes occurre d 
varying from s light di lati on to ex treme vacuoli z ati on (Fig . 
6- 36 ) , the oute rmos t cisterna being the first to ge t involve d .  
Such swel li ng also occurred i n  the endop lasmi c re ti culum of 
the subapi cal zone , leading to an incre ase in number and size 
of the Hensen bodies . Regardless of the degree of vacuo lization 
the dis tance between the i nner leaflet of the plasmamernb rane 
and the oute r leaflet of the subsurface cisternae remained nor­
ma l ,  contai ning un alte re d bridging mate ri a l .  When seve re 
vacuoli z ation occurre d  a constriction of the hai r ce ll at the 
Fig. 6-JJ: a) IHC of a 4 days o ld waltzing guinea pig. The peripheral parts 
of the mAtimAZa protrude above the microvilli (Mv) covered border 
cells (BC) and inner phalangeal cells (IPhC) . (TEM 2700x) 
b) Basal zone of the IHC. The afferent nerves (aff) are swollen, 
the efferent nerves (eff) are unaltered. In the basal zone of 
the IHC no synaptic vesicles can be found anymore . (TEM l J .  500x) 
c) Apical zone of the IHC. Distortion of the hair ce ll top cor­
responds to grade 2 for SEM: e levation (arrows) of the cuticula 
(C) and s light deflection of the stereocilia (St) . (TEM 1 2 . 500x) 
IPC- Inner pillar cell; OPC- Outer pi llar ce ll.  
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Pig. 6-34: a) Apica l  zone of IHC of a 8 days old waltzing guinea pig. The 
stereocilia (St) are still  separated. The cuticula (C) is severe ly 
e levated. Some ce ll debris (stars) is found outside the ruptured 
ce llmembranes. In the subapical zone the diameter of the ce ll 
tapers (arrows) .  (TEM 4500x) 
b) High magnification of the stereocilia (St) on cross section . 
The aspect of the actin filaments (A) is unaltered. (TEM 1 1 0. 000x) 
Fig. 6-35: a) Apical zone of OHC of a 8 days old waltzing guinea pig. The 
formation of giant stereocilia (GStJ corresponds to hair ce ll 
distortion grade 4 for SEM. The cuticula (C) is elevated. 
(TEM 4500x) 
b) Higher magnification of a (arrow) . cytoplasm components (Gy) 
are displaced from the subapical region to the base of the 
stereocilia (St) . The aspect of the central cores (dCJ is un-
altered. (TEM 30. 000x) 
8 9  
*: 
, .. 
·' j .• 





� :� c • r 
Fig. 6-36: a) Cross section of the outer part of the organ of Corti of a 
12 days oZd waZtzing guinea pig. SevereZy deranged OHC1 and OHC3 • 
The subapiaaZ zone shows extreme aisternaZ swe Uing of the dis­
continuous membranes . OHC2 is aompZeteZy degenerated. OnZy some 
aeU debris (arrow) can be found as a remnant. The resuUing 
space in the organ of Corti is fiZ Zed up by hypertrophied Deiters 
ae ZZs (De) . (TEM 2150x) 
b) BasaZ zone of OHCl " Afferent (aff) and efferent (eff) nerve 
endings are unaZtered. (TEM ?OOOx) 
a) Outer spiraZ bundZe (OSB) between the Deiters ae Z Zs in the 
region of the former OHC2 • No afferent nor efferent newe endings 
can be found. (TEM 7000x) 
He- Hensen 's ae ZZs; OPC- Outer piZZar ae Z Z; N- NuaZeus; 
Nu- Nue U 's space . 
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Fig. 6-37: IHC of a 1 0  days old waltzing guinea pig; basal turn. Arrows 
indicate constriction of the subapical zone. The afferent nerve 
endings (aff) are severely swo llen pushing the p lasmamembranes 
of the IHC and the supporting cells aside . (TEM 2000x) 
C- Cuticula; N- Nucleus; St- Stereocilia. 
sub apical part could be seen . Adj acent supporting ce lls appar­
ently hypertrophied fi l ling up the resulting space . Ce ll j un c­
ti on s  between hair ce l l s  and s upporting ce l ls were unalte red . 
The basal p art of OHC was unchange d ;  afferent and e ffe rent 
ne rve endings as we ll as the synaptic regions were norma l .  In 
IHC no di lation of the endop lasmic re ti culum in the s ubapic a l  
region w a s  foun d .  S ti l l  i n  thi s  region the diameter of the hair 
ce ll narrowed ( Fi g .  6 - 3 7 ) . In both IHC and OHC the number of 
lysosomes i ncreas ed . In contrast with these severe alterations 
the mi tochondria in both IHC and OHC remai ned s trikingly norma l .  
Contrary to the OHC the b as al region o f  the IHC was parti ally 
pushed as ide by markedly swollen affe rent nerve endings . S ome­
time s the ce ll memb ranes of the affere n t  syn apses showed di s con­
tinuities . In the b asal part of the IHC synapti c bars and the 
9 2  
accompanying ves i c les were never observed . In the affe re nt 
ne rves neurotubules and ves i c les could not be found anymore ; 
on ly some aggregated and filamentous debri s was vi sible . 
Efferent nerve endi ngs , howeve r ,  had a normal configuration . 
i i i i  - The fi na l degeneration and disi ntegrati on pattern o f  
IHC and OHC showed various s tages o f  fusion o f  ste reoci lia . 
Fus i on s tarted at the cuticular region and progressed up to 
the tops of the h airs . The p lasmamembranes of neighbouring 
hai rs fused and di s appeare d ( Fi g .  6 - 3 8 ) . In longi tudinal s e c­
ti ons the centra l cores and the actin fi laments of the ori ginal 
s te reocilia remained present and could s ti ll be seen in the 
giant hair and within the cuticular remnants (Fig . 6 - 39 ) . The 
separate bundles of acti n fi laments and the aspect of the cen­
tral cores we re the very last structural e lements that coales ce d . 
Concomi tant ly cytop lasmi c organe l les invaded the gi ant hai rs , 
leading to the occurrence of the grote sque malformations o f  
the hair ce ll top a s  obse rved with SEM ( section 6 . 3 . 2 ) . B y  then 
the cuti cular pl ate had comp letely lost its shape and homo­
geneity (Fi g .  6 - 4 0 ) . 
In OHC the s ubapical zone showed extreme vacuoli z ation ; both 
in IHC and OHC this zone constricte d .  Thei r  plasmamembranes 
remained intact up ti ll the moment that the remaining hai r cell 
top , con s i s ting of remnants of cuticular materi al , hai rs and 
some cytop lasmic organe lles was expe l led into the s ubtectori al 
sp ace . At this s tage the cytoplasmi c organe l les of the i nter­
medi ate and basal zones of the OHC were on ly s lightly affe cte d .  
When the h air ce ll top was expe lled a rapid degeneration o f  
the remaining parts of thi s hai r  ce l l  was observed . Resu lti ng 
sp aces in the organ of Corti were fi l led up by hypertrophy of 
supporting ce lls (Fi g .  6 - 3 6 ) . 
The basal part of IHC , i ts synapti c regions , as we l l  as the 
affe rent ne rve endings , we re severe ly affecte d ,  finally re sulting 
in a loss of the plasmamembrane s and extreme swe lling of all 
affe rent nerves . When IHC we re fi nal ly expe l led , the i r  place s 
we re taken by adj acent s upporting ce lls , whi ch at thi s s t age , 
apart from s ome hypertrophy , showed a norma l ultrastructure . 
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Fig. 6-38: a) Fusion of the stereocilia of an IHC leading to the formation 
of giant stereocilia (GSt) . A cytoplasmic protrusion (Cy) can 
be seen next to the giant hair. Waltzing guinea pig 22 days of 
age . (TEM 4 500x) 
b) Inside the giant hair separate actin bundles (A) can be 
distinguished. Higher magnification of a. (TEM 18. 000x) 
IPC- Inner pillar cell; IPhC- Inner phalangeal ce lls. 
Fig. 6-39 : a) Apical zone of the IHC of a 28 days old waltzing guinea pig. 
Fused stereocilia (GSt) and cuticular remnants (C) can be seen . 
(TEM 5000x) 
b) Within the giant hair separate actin bundles (A} . Higher 
magnification of a. (TEM 18. OOOx) 
IPC- Inner pillar ce ZZ. 
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Fig. 6-40: a) Final stage of IHC top deformation . Waltzing guinea pig 30 
days of age . Note the no�al aspect of the central cores (dC) 
in the degenerated cuticula (C) . In the subapical region no�a l 
microtubules (Mt) can be distinguished. The mitochondria (Mi) 
are unaltered. (TEM 10. 000x) 
b) Apical zone prior to extrusion. Same waltzing guinea pig. 
Arrows indtcate cons triction of the subapical zone. 
(TEM 10. 000x) 
GSt- Giant stereocilia; IPC- Inner pillar ce ll; IPhC- Inner 
phalangeal ce lls .  
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7 .  DI SCUS SION 
I n  this chapter the results presented in chapter 6 and cer­
tai n  properties of the methods that could influence these re­
sults will be dis cus s e d .  The electrofysiologi cal data as we l l  
a s  the morphological observations are dis cuss ed separate ly for 
normal and fo r waltzing guinea pigs . SEM and TEM results are 
evaluated inte gr atedly . Finally the e le ctrophysiological results 
wi l l  be corre lated with the quantitative morphological results . 
? . 1 E l e c trophy s i o logy 
Inte rpretation of the e lectrophysi ological data strongly de­
pends on the me thods used for anaestheti z ing the animals . There­
fore the pos s ible e f fe c t  of F luothaneR anaesthes ia on the e le c­
trophysiological data is discussed (section 7 . 1 . 1 ) . In order 
to e lucidate the frequency specificity of the AP responses gen­
e rated by the tonebursts used in the experiments , AP tuning 
curves we re obtained from 2 normal guinea pigs . The outcome 
of this expe riment is summari zed in section 7 . 1 . 2 .  Electrophysio­
logical re sults of normal guinea pigs are discussed i n  s ection 
7 . 1 . 3 ; those of waltzing guinea pigs in s ection 7 . 1 . 4 .  
? . 1 . 1  Ana es th es ia 
During the e le ctrophysiological experiments the guinea pigs 
were anaesthetized by a gas mixture of oxygen , ni trous oxide 
and FluothaneR . The advantages of thi s  technique are mentioned 
in sect ion 5 . 2 . 1 .  
The re corded changes in arterial b lood po2 , pco2 , pH and 
o2 saturation in 2 normal guinea pigs indicate that during an­
aes thesia p02 i ncrease d ,  whereas pco2 , pH and o2 saturation re­
mained almost norma l .  
I n  contras t t o  anoxia ,  hyperoxia ( arteri al b lood po2 up to 
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80 kPa) appears to have no influence on po2 of endolymphe nor 
on the magni tude of the endolymphatic potenti al and the amp li­
tude of the cochlear mi crophonic ( Lawrence et al . ,  1 9 7 5 , 1 9 7 7 ;  
Prazma e t  a l . , 19 7 8 ) . Using microelectrodes introduced into the 
scala tympany by perforating the round window , Maass et al . 
( 1 9 76 )  regi ste red moderately increased po2 values only in the 
di rect round wi ndow memb rane re gion during hype roxi a experiments . 
Thi s  e ffe ct of hyperoxia de creased advancing the e lectrodes to­
wards deepe r regi ons . 
From these obs e rvations i t  might be conc lude d ,  that anaes­
thesia as obtaine d by a gas mixture of oxygen , nitrous oxide 
and FluothaneR and adj us ted by control of the spontaneous ven­
ti lation frequency caused only moderate ly i ncre ased po2 value s 
and almost normal pco2 , pH and o2 saturation values , and the re­
fore wi ll not influence the outcome of the e le ctrophysiologi cal 
e xperiments . 
7 . 1 . 2  Fre que ncy s pe ci fi ci ty of the AP responses 
To e lucidate the frequency speci ficity of the AP responses 
generate d by toneburs ts with a frequency of respe ctive ly 4 kH z 
and 10 kH z two normal guinea pigs we re used to derive AP tuning 
curves . The se were obt ained by a tone-on-tone masking technique 
( se ction 5 . 3 ) .  From the outcome of thes e  experiments it might 
be concluded th at for the low s timulus i ntensi ties tested the 
4 kHz toneburst a c tivates a limi ted segment of the bas i lar mem­
brane wi th a centre frequency be tween 5 and 6 kH z ,  whereas the 
1 0  kHz toneburs t s timulates the b asi lar membrane at a region 
corresponding to a centre frequen cy of 9 kH z .  According to the 
common ly us ed place- frequency map for guinea pigs these regions 
are si tuated at a distance of 8 and 6 mm of the round window 
membrane respe ctive ly (von B�k�sy , 1 96 0 ; Greenwood , 1 9 6 1 ;  
S tebbins et al . ,  1 9 79 ) . 
7 . 1 . 3  Norm a Z  guinea p i gs 
In order to assess the parame te rs to which the e lectrophysio­
logi cal data of the waltzi ng guinea p igs should be re ferre d ,  
3 6  normal guine a p i gs were inves tigate d .  The resulting e lectro-
1 0 0  
phys iologi cal data will be dis cuss ed (AP , SP and CM) . 
The e lectrophysiological profi le of the deve loping inner e ar 
should be known in orde r to create a pos sibi lity for a corre­
lation with the morphological alte rations in the same cochlea . 
From the cat cochle a  an accurate profi le of cochlear maturati on 
is known ( Rose e t  a l . , 19 5 7 ;  Remand e t  al . ,  1 9 70 ; Remand ,  1 9 7 1 ;  
P uj o l , 19 7 2 ;  earlier and Puj o l , 1 9 7 8 ;  earlie r e t  a l . , 1 9 7 9 ; 
Puj ol et al . ,  1 9 80 ) . Electrophysiological lite rature on the ma­
turi ng inner e ar of gui nea pigs , howeve r , is parsimonious . P u j o l  
and Hi lding ( 1 9 7 3 )  investigated the inner ears o f  7 premature 
guinea pigs , de live red by Caesari an section , wi th re spect to 
CM and AP re sponses to loud click stimu l i .  De spite the fact that 
no newborn animals were examined they c laimed mature CM and AP 
wi th re spect to thresho ld and frequency range at birth . More 
recently Puj ol e t  a l .  ( 19 80 )  registere d  mature AP ' s  7 days afte r  
birth ,  thereby comp leting thei r  earlier data from 19 7 3 .  Remand 
( 19 7 1 )  found c lear CM responses be fore bi rth . The fi rst AP ' s  
could be regis te re d  12  days be fore bi rth in guinea pigs and ma­
tured with respect to amplitude and fatiguability within the 
fi rs t week of l i fe ( Remand , 1 9 7 1 ) . Despite the fact that ges­
tati on period takes about 2 months both in cats and guinea pigs , 
the maturation process of the inner e ars di ffer cons iderably 
in both species . Therefore , un fortunate ly cat data cannot be 
compared to guinea pi g data . 
The age distribution chosen for the 8 groups of guinea pi gs 
had the advantage of pe rmi tti ng an accurate de scription of the 
maturation process in the younge s t  animals . This wi ll be dis­
cussed in the fol lowing sections . 
7 . 1 . 3 . 1  The comp ound A c tion P o t e n ti a l  
As was e xpec ted from the lite rature compound AP ' s  could be 
recorded already from newborn animals aging 3 and 4 hours . The 
amp li tude of this AP , however , was lower than that of animals 
aging ove r 7 hours . Apart from the se rapid changes in the two 
newborn guine a pigs the AP amp l i tudes further increased with 
increasing age . This process of e lectrophys iologi cal maturation 
was most pronounced in the first week of li fe , whi ch is expres s e d  
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by the increas ing me an ampli tudes c alculated for the groups 
of guinea pigs . These data confi rm the ear ly obse rvations of 
Romand ( 19 7 1 )  and are in agreement with the recent data of 
Pujol et a l .  ( 19 8 0 ) . 
In the present series o f  AP data no latency shi ft was found 
during AP amp litude maturation , i ndicating that the s i te s  of 
the generators that contributed to the AP and by consequence 
also the t rave ll ing wave properties of the basi lar membrane 
(Dallas , 1 9 7 3 ;  Eggermont ,  19 7 6 )  were alre ady mature at b irth . 
Wi th respe ct to N1 latency s imi lar data were given by Romand 
( 19 7 1 )  and Puj ol e t  a l .  ( 1 9 8 0 ) . 
7 . 1 . 3 . 2  Th e Summa ting P o t e n t i a l  
The SP amplitudes recorded from the two youngest normal guinea 
pigs were lowe r than those from olde r animals . Contrary to the 
AP amplitudes the SP amp l i tudes o f  thes e  older animals di d not 
change wi th age . Because of the complete abs ence of lite rature 
on SP in the deve loping i nne r e ar o f  guinea pigs these data can­
not be compared with the results of other i nvestigators . 
Since the e xperiments o f  K onishi and Yasuno ( 1 9 6 3 )  i t  is 
genera lly accepte d  that the SP is generated at the leve l of the 
api cal zone of the s en sory ce lls of the organ of Corti : when 
mi croe lectrodes were advanced through the s cala media towards 
the organ of Corti a j ump in the DC re sting potenti al (endo­
lymphatic potential) was recorded a ccompanied by a reversal i n  
polari ty o f  SP and CM. Thi s b oundary was believed t o  be a t  the 
leve l  of the reti cular lami na . However , no histo logi ca l  verifi­
cation of the recording s i te was undertaken . This is of particu­
lar intere s t  since Manley and Krones ter-Frei ( 19 8 0 )  reported 
the "boundary towards EP " to be localized at the unde rside of 
the te ctori al membrane and not at the leve l  of the reticular 
lamina . The se inve stigators microscopically control led the pen­
etration of the mi croe le ctrode s .  Howeve r ,  it is reassuri ng to 
noti ce that in contrast with thes e  authors the most recent lit­
e rature , us ing simi lar recording techniques , reports the reti­
cular lamina as the "boundary towards EP " ( Dallas e t  a l . , 1 9 8 1 ) . 
S ti l l ,  up ti ll now it is not qui te s ett led whether IHC or OHC 
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mai nly contribute to the SP . Usi ng intracochlear e lectrode s 
i ntroduced into the IHC of guinea pigs , Rus s e l l  and Se llick 
( 19 7 7 a ,  b ,  19 7 8 )  recorded large DC receptor potentials that 
were like ly to correspond to the extrace llular SP and small 
AC potentials that could corre spond to the CM . E le ctrode s i ntro­
duced into ce lls pos i tive ly i dentified as OHC reve a led on ly 
small DC re ceptor potenti als and large AC potenti als (Dalles 
et al . ,  19 8 1 ) . From these experiments i t  might be concluded 
that the IHC mainly contribute to the SP and that the OHC con­
s t itute the CM . 
On contras t herewith i s  the regi stration of nearly normal 
CM and SP value s  in two inne r ears parti ally devoid of IHC due 
to kanamycin intoxication (Dalles and Cheatham , 19 7 6 b ) . I t  
sh ould be re alized , howeve r ,  that kanamycin pre ferably affe cts 
the OHC (Ylikosky , 1 9 7 4 ;  Fe de rspi l et a l . , 1 9 7 7 ) . Dal les and 
Che atham ob tained the i r  cochleograms by surface specimen te ch­
nique ; ul tras tructural survey of the hai r  ce lls was not unde r­
taken . Therefore no conclus ion can be made towards the func­
tional s tate of the remaining hair ce lls , whi ch make s the ir 
inte rpretation at least questionab le .  
I nterpre tati on of SP maturation in young normal guinea pigs , 
there fore remai ns venturous . Re ferring to the re sults of the 
mos t  up to date re cording technique s (Rus sell and Se llick , 1 9 7 7 a , 
b ,  19 7 8 ;  Dalles e t  a l . , 19 8 1 )  i t  i s  likely to conside r  IHC 
changes mainly responsible for SP change s and OHC alterations 
for CM changes . 
7 . 1 . 3 . 3  The Co ch lear Mi crophon ia 
The CM 10 �V potentials that cou ld be evoked in the normal 
animals were normal from birth . Even the youngest guinea pigs 
generated a lmos t normal CM potenti als , thus indi cating that con­
ductive hearing los s cannot b e  responsible for the de creased 
AP and SP output in these newborn animals . The same holds for 
the CM 10 �V i s opotential curve s  of all other normal animals 
s tudi e d :  the maturation proce ss of the inner ear that causes 
the AP ampl itude to i ncre ase does not involve CM output . Thi s  
observation leads to the conclus ion that the receptor potentials 
10 3 
generated by the OHC mai nly are normal at birth .  Whe re as SP and 
CM up to mode rate leve ls are thought to re flect the degree of 
sensory ce ll s timulation it might be conc luded th at at leas t 
in guinea pigs aging over 7 hours the sensory ce lls of the organ 
of Corti are normally s timulate d ,  irre spe ctive of age . 
Conc lusion 
Summari zing the e lectrophysiological re sults of the normal 
guinea pi gs it can be s tated that in the two newborn animals 
AP and SP amp li tudes we re lowe r than those re corded from older 
animals , whereas CM output was normal . In guinea pigs aging ove r 
7 hours SP and CM output were normal , from whi ch i t  is conc lude d  
that the degree of sensory cell s timulation is  at a normal leve l .  
On the other h and the AP amplitude incre ased wi thin the first 
week of l i fe . Whe re as the AP i s  to be i nte rpre ted as the sum­
mated stimulus-related re sponse of the coch lear nerve-hair ce ll 
ent i ty , it mi ght be conc luded that the e le ctrophysiologi cal 
maturation proces s , as found for AP , occurs e i ther in the sen­
sory ce lls inc luding the synapse wi th the affe rent nerve s or 
in the affe rent nerves themse lves . 
7 . 1 . 4  Wa l tz i ng guinea p i gs 
In se ction 6 - 2  the e le ctrophysio logi cal data of 9 0  waltzing 
gui nea pigs we re e laborated .  These data wi l l  be di scussed in 
compari son with the results of the normal guinea pigs . 
Inte rpre tati on of alte red AP , SP and CM responses i n  te st 
animals such as gui ne a pigs i s  limited by the fact that obj ec­
tive control of hearing leve ls as we ll as s ub j e ctive i nformati on 
cannot be obtained . To mee t  thi s  requi rement the technique of 
as s e s s i ng heari ng leve ls by behavioural audi ometry in condi­
tioned animals is wide ly advocate d .  In guinea pigs shive r  audio­
metry according to the s o- ca lled Ande rson-Wedenberg method is 
the most frequently use d  method (Ande rs on and Wedenbe rg , 1 9 6 5 �  
Cri f o ,  1 9 7 3 ) . H owever ,  s ince i t  takes over 1 week to obtain 
re liable heari ng leve ls from these animals no us able i nformation 
conce rning hearing abi lity is available from newborn and young 
guine a  pigs . 
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Informati on on abnormal e le ctrophysiologi cal data mainly 
comes from ob servations i n  man . Change s of the various e le ctro­
phys i ological parame ters have been studied extensive ly in re la­
tionship to pathology of the i nner ear . Whe reas much of thi s  
i nformation wi ll be used in the di s cussion on the alte red AP ,  
SP and CM data from waltzing guinea pigs a short review of thi s  
re l ationship is  given here . The fol lowing pathological condi­
tions of the middle and inner e ar wi ll be summari zed : 
Conductive he aring loss ( i ) , 
- Sens orineural he aring loss ( i i )  , 
M�niere ' s  di sease ( i i i ) , and 
- Acoustic neurinoma ( i i ii ) . 
i .  Con ductive h e aring Zoss : 
- AP wave form n ormally shaped with respect to N1 N2 and the 
posi tivity i n  between (Yoshie and Ohashi , 1 9 6 9 ) . 
- Shi ft of the unaltered AP i nput-output curves towards 
h i ghe r s timulus i ntensi ties (Odenthal and Eggermont , 1 9 7 4 ) . 
- Shi ft of the l aten cy-i nten sity curves towards higher inten­
s i ties ( Cullen et a l . , 1 9 7 2 ) . 
- Unchanged amp l i tude- latency re lationship (Egge rmont , 1 9 7 6 ) . 
- Shi ft of the CM i nput-output curves towards higher inten-
s i ties (Yoshie and �amaura , 1 9 6 9 ) . 
i i . Sens ori n e ura l h e aring Zoss : 
- Altered AP wave form .  The shape of the AP wave form (mono­
ph as i c ,  broadened diphas i c )  depends on the type of audiogram 
(Aran and Negrevergne , 19 7 3 ;  Portmann e t  a l . , 1 9 7 3 ;  Odenthal 
and Eggermont ,  1 9 7 4 ) . 
- Los s o f  the p art of the i nput- output curves corresponding 
to low stimulus i ntens i ties . In cases wi th recrui tment an in­
creased steepnes s  of these curves is  found (Yoshie and Ohashi , 
19 6 9 ; P ortmann e t  a l . , 1 9 7 3 ;  Eggermont and Odenthal , 1 9 7 4 ;  
Schmidt et a l . , 1 9 7 4 ;  Eggermont ,  1 9 7 7 ) . 
- Normal AP latencies with respe ct to those of normal ears 
at the s ame hearing leve l .  At threshold latency is shorter than 
in normal animals at the s ame hearing leve l (Odenthal and 
1 0 5  
Eggermon t ,  1 9 7 4 ) . 
- Amp li tude-latency curves (Eggermont , 1 9 7 6 )  show a shift 
from normal towards lower amplitudes along the amplitude axi s . 
In high frequency sensorineural he aring loss thi s  shi ft i s  more 
pronounced for low amplitudes than for high amp l i tudes 
(Eggermon t ,  1 9 76 ) • 
- Shi ft of CM i nput-output fun ctions towards higher inten­
si ties depending on the degree of hearing loss (Yoshie and 
Yamaura , 1 9 6 9 ) . Thi s  shi ft is not a lways foun d .  
- Shift of the SP i nput- output curves towards higher i nten­
s i ties (S chmidt et a l . , 1 9 7 4 ) . 
i i i . M�ni�re ' s  di s e as e :  
- B road monophasi c  AP waveform and altered S P  polari ty 
(Yoshie , 19 7 3 1  S chmidt e t  a l . ,  1 9 7 5 1 P ortmann and Negrevergne , 
19 7 3 ;  Portmann e t  a l . , 1 9 80 ) . 
- S teep AP input-output curves (Eggermont ,  1 9 7 6 ) . 
- AP latency s lightly decreased with re spect to that of 
normal ears at the s ame hearing leve l .  
- Normal AP amplitude-latency re lationship (S chmidt e t  a l . , 
19 7 4 ;  Eggermon t ,  1 9 76 ) . 
- Normal SP ampli tude s ( S chmidt e t  a l . , 1 9 7 4 ;  Eggermont ,  
1 9  76 ) • 
i i i i . A aous t i a  ne uri noma : 
- Dis torte d and b roadened AP waveform at intermedi ate stimu­
lus inten s i ties ( Portmann and Aran , 19 7 2 ;  P ortmann e t  al . , 
19 8 0 )  • 
- AP threshold normal or shi fted towards higher i ntensities . 
Pre se rvation o f  the p lateau in the input-output functi on s  
(Eggermont , 1 9 7 6 ) . 
- Latency-intensity curves shi fted towards higher s timulus 
intensi ties (Portmann et al . , 1 9 8 0 ) . 
- Amplitude- latency curves shi fted towards longer latencie s  
alon g  the latency axis (Eggermont ,  1 9 76 ) . 
- Normal SP and CM values ( Ruben , 1 9 6 7 ) . 
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Various i ntoxicati on s  i n  animals such as etacryn ic aci d ,  
ototoxic antibiotics (Ylikoski , 1 9 7 4 �  Aran and Darrouze t ,  1 9 7 5 � 
Aran e t  al . ,  19 7 7 �  B rown e t  al . , 19 7 8 :  Aran e t  al . , 1 9 80 � 
Carri�re , 19 80 ) , noise trauma ( Brown e t  al . , 1 9 7 8 �  Cody et 
a l . ,  19 80 ) or manipulation with the eigh th· nerve in order to 
mimi c  acous t i c  nerve tumors (Glazenburg , 1 9 7 9 ) produce alte red 
electrophys iological parameters , which depending on the local­
i z ation of the lesion , correspond to comparab le lesions as de­
s cribed for man . The re fore , it seems to be permitted to inte r-
pret the e lectrophysiologi cal results of waltzing guinea p i gs 
according to the above mentioned parame te rs , albeit that one 
should realize that the con clus i ons that wi l l  be drawn in this 
dis cuss i on bear the limi tation that what i s  found for man does 
not need to be vali d for guinea pigs . 
7 . 1 . 4 . 1  The waveform of the aompound A at i o n  Po tenti a l  
When waltzing guinea pigs generated AP ' s  the wave form was 
n ormally shaped with respe ct to the N 1 N2 patte rn and the small 
posi tivity i n  b e tween as we ll as to the N 1-N2 inte rval ( s ec ti on 
6 . 2 . 1 ) . From thi s  observation i t  might be conc luded that i n  
waltze rs the unit contribution t o  the AP a s  we ll a s  the cochlear 
synchroni z ation of the depolari z ations were not di fferent from 
normal . Compari ng this obse rvation to the human e lectrophys i o­
logical data i t  might be s t ated that most re trocochlear lesions 
locali z ed i n  the cochlear nerve (Odenthal and Eggermont ,  1 9 7 4 �  
Gla zenburg , 1 9 80 )  as we l l  a s  r e s t r i a t e d s ensorineural 
he aring loss (Eggermont ,  1 9 76 )  can hardly be responsible for 
the a ltered parameters that wi l l  be di s cus sed i n  the following 
secti on s . 
7 . 1 . 4 . 2 The N1 amp l i tude 
From the youn ge s t  waltzers on the AP amplitude was greatly 
reduced :  whereas i n  normal guinea pigs the AP amp l i tudes in­
creased wi th i ncreas ing age , the N1 ampl itude s in waltzers 
were clearly diminished up to group 5 .  In the older groups the 
AP ' s  could not b e  recorde d  except from a few animals in group 6 .  
The s lope of the input-output curve s , being even less s teep 
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than normal , controverts a re cruitment phenomenon in waltzers 
(E ggermont , 1 9 7 6 ) . Such a recruitment was s t ated by Ernstson 
( 19 72 ) . He b ased his conclusions on the reduced gap between 
the c learly e levated hearing thresholds obtained from 2 4  condi­
ti oned waltzing guinea pigs (Anders on-Wedenberg method) and 
the s lightly e levated Preye r re flex thresholds . During the first 
week of li fe these waltzing guinea pigs appeared to have near 
normal heari ng leve ls .  In the following period a s tepwi se im­
pairment of hearing abi lity occurre d . No re s i dual hearing was 
found in these condi tioned animals beyond 42 days of life 
(Ernstson , 1 9 7 2 ) . In the present s tudy the o lde st anima l ,  in 
which an AP could be e licited by using high s timu lus leve ls 
( 75-9 5 dB) , had an age of 21  days . 
To compare the data of the waltzing guinea pigs to those 
obtained from n ormals , histogr ams were made pre senting for 
each group of waltzers the shift of the i nput-output curves 
at a 35 dB ( 10 kH z )  and a 40 dB ( 4  kH z )  s timulus intensity re­
spective ly .  ( For explanation o f  the reason for se lecti on of 
these leve ls see se ction 6 . 2 . 1 . 1 . )  The AP ampl itude reduction 
wi th re spect to normal at the se fixed stimu lus leve ls was ex­
pressed i n  dB ( Gans , 1 9 8 1 )  (Fi g .  7- 1 ) . The age- re lated re ference 
values we re obtained by calculating the regression lines through 
the ave rage N1 amplitude value s for the di ffe rent groups of 
normal guinea pigs . The amplitude shi ft th at was found for 1 0 kH z 
AP ' s  ( 2 2 -29 dB ) i n  groups 1-5 dominates that of the 4 kH z AP ' s  
( 1 3- 2 0  dB ) . For group 5 the calculated shi ft of the N 1 amp li­
tudes was equal for both s timu lus frequencies ( 3 1  dB - 10 kH z ;  
30 dB - 4 kH z )  • 
7 . 1 . 4 . 3  The N1 l a tency 
The N 1 latency data calculated from each group of waltzers 
were a lmost equidistantly shi fted from normal ( se ction 6 . 2 . 1 . 2 ) . 
As wi th N 1 amplitudes histograms were made demonstrating the 
sh i ft at the 3 5  dB ( 1 0  kH z )  and 40 dB ( 4  kH z )  s timulus intens ity 
leve l respective ly . The se are given in the s ame figure 7- 1 .  
The histograms indi cate that for groups 1-5 an almost stab le 
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Fig. 7-1 :  Shift of the 10 kHz and 4 kHz amplitude-intensity and latency­
intensity functions at a stimulus intensity of 35 dB and 40 dB 
respective ly. The reduction of the amplitudes with respect to 
normal is expressed in dB; the shift of the latency in ms . 
of the shi ft i s  x = 0 . 2 5  ms ; SD = 0 . 0 2 ms and for 4 kH z AP ' s :  
x = 0 . 10 ms ; S D  0 . 0 4  ms . Here too the shi ft of the 1 0  kH z 
data exceeded that of the 4 kH z AP . For group 5 on ly two wal tzers 
contributed to the l atency-inten si ty curves at stimulus i nten­
s i ties of 35 dB and 4 0  dB respective ly . There fore in thi s group 
the shi ft at these stimulus leve ls does not i l lustrate group 
behaviour wi th re spect to the N 1 latenc ie s .  
These laten cy data indi cate that the stimulated section s 
of the basi lar membrane did not change with i ncre asing age . 
7 . 1 . 4 . 4  Th e amp li tude - l a te n cy re l ationship 
Wi th increasi ng s timulus intens i ties the activated part 
of the basi lar membrane extends mainly towards the base of 
the coch lea ( von B�k�sy , 1 9 6 0 ) . Thi s is evinced by the asymmet­
ri cal re sponse area ' s  obtained wi th narrow band tonebursts 
sh owing e xten s i on mainly towards the high frequency region 
(Eggermon t ,  1 9 76 , 1 9 7 7 ) . The N1 latency of the AP re flects thi s  
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Fig. 7-2: Average ampZituile-latenay functions of the 10 kHz and 4 kHz com­
pound AP as calculated for each group of waltzing guinea pigs. 
for unmasked AP responses : with incre as ing s timulus intensities 
the N 1 latency de crease s .  By consequence , the decreasing N 1 
latency data repres ent the average latency of the extendi ng 
se cti ons of the b as i lar membrane that are s timulate d .  
The amp litude-latency curves of 1 0  kH z and 4 k H z  AP ' s  i n  
waltzing guinea pigs showed that the output o f  the inner ear 
was reduced , i rrespective of the extension o f  the stimulated 
area (Fi g .  7- 2 ) . According to Egge rmont ( 1 9 7 6 ) in man such 
curves are mainly found in sensorineural heari ng loss . The re­
fore such a loss might a l s o  be the caus al denominator of the 
he aring impai rment as observed i n  waltzing guinea pigs . Taking 
into account the unalte re d  wave form of the AP it seems that , 
as wi th normal e a rs , all sens ory ce lls wi th i n  the stimulated 
part of the basi lar membrane contributed to the s ame extent 
to the ( re duced) cochlear output , i ndi cating that all sensory 
ce lls (or thei r affe rent nerve s )  we re equally affe cted . 
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Hyp o th e s e s  
A s  a pos sible e xp lanation for the reduction of the N1 ampli­
tude as well as for the shift of the N1 latency a decreased 
s t imulati on of the IHC should be cons idere d .  Thi s decreas e d  
stimulation might e i ther be caused b y  conductive he aring loss 
due to middle e a r  disorders or by s ome intracoch lear " conductive " 
he aring loss , for i nstance due to a ltered mechanics of the tec­
tori al memb rane - s te re oci lia - hair ce l l  top entity (hypothesis 
I ) . A nonme chanical explan ation for the altere d  AP parame te rs 
might be found in a changed b ioe le ctri cal pathway of the h air 
ce l ls themse lves , leading to de creased s timu lation of the a f­
fe rent nerves (hypothesis I I )  • In this case the bioe lectri cal 
pathway should be de fi ned as the total p rocess of sen sory ce l l  
excitation and transmis s i on t o  the afferent nerve s . 
Desynch roni zation of depolari z ati on s  of affe rent nerve s in 
the s timulated part o f  the o rgan of Corti i s  the thi rd and less 
like ly hypothesis , s i nce thi s  would alte r  the AP waveform not 
on ly in its amp litude and latency but in i ts biphas i c  appe arance 
too (Te as et a l . , 1 9 6 2 ;  K i ang et a l . , 19 7 4 )  (hypothes i s  I I I ) . 
7 . 1 . 4 . 5  Th e Summati ng Po ten t i a l  
The SP amplitudes of e ach group of waltzing guinea pigs were 
de creased from bi rth ( se ction 6 . 2 . 2 ) . The input-output curves 
showed a shift from normal that was stab le for groups 2 - 6 . Thi s  
is i llustrated b y  the SP amplitude histograms of figure 7- 3 
i n  which for e ach group the reduction o f  the SP amplitude wi th 
re spect to normal i s  given at a s timulus leve l of 6 5  dB .  This 
65 dB stimulus leve l was chosen to plot , i n  accordance wi th 
the AP N1 amp litude data , the shi ft of the SP at a leve l approxi­
mate ly 40 dB above the 2 �V SP thre shold for normal guinea pigs . 
The histograms show for groups 1-6 an a lmost constant shi ft 
( 9 - 12 dB) • In the o lder groups the SP rapidly decre ased : 24 dB 
for group 6 and 4 4  dB for group 7 .  No S P  could be re corded from 
group 8 anima ls .  
I f  the SP , as was discus sed i n  section 7 . 1 . 3 . 2 ,  i s  conside re d  
t o  re flect the degree of stimulation o f  the IHC , the fi rst hy­
pothe s i s  of s ection 7 . 1 . 4 . 4  i s  s us t ained . According to this 
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Fig. 7-3: Shift of the 10 kHz SP � 
pZitude-intensity jUnations 
at a stimuZus intensity 
Zeve Z of 65 dB .  The reduation 
of the amp Zitudes with re­
speat to normaZ is expressed 
in dB. 
hypothe s i s  IHC would become less we ll stimu late d .  Thi s , by con­
sequence , would lead to reduced SP . The second hypothe sis , al­
te red bioele ctrical properties of the IHC , is s us t ained only 
when the memb rane resi s tance of the IHC is change d  (Hudspe th 
and Corey , 1 9 77) , re sulting in decre ased DC re ceptor potentials . 
The th ird hypothesi s , de synchron i z ation o f  the depol ari zations 
i n  the affe rent ne rves with normally stimulated and exci tate d  
sens ory ce lls , would p redict normal SP ampli tude s .  The observa­
ti on of de cre ased SP values in wal t z i ng guinea pigs , the re fore , 
makes this third hypothes i s  unl ike l y .  
In groups 6 and 7 ,  S P ' s  at a low leve l could b e  re corde d ,  
whe re as AP ' s  could not . Whe ther these SP ' s  are generated by 
the greatly altered IHC or represent the averaged low DC output 
of a gre at number of less damaged OHC remains unre s olve d .  
7 . 1 . 4 . 6  T h e  Coa h Zear Mi arophoni a  
I n  con trast t o  the AP and S P  data , the CM 1 0  �V i s opoten ti a l  
curves we re on ly minimal ly shi fted in most groups of waltzing 
guinea pi gs (section 6 . 2 . 3 ) . By calculating the mean stimulus 
inten s i ti es needed to gene rate a 10 �V CM output at frequenci e s  
o f  2 ,  4 ,  8 and 1 6  kH z and by compari ng these t o  the s ame data 
obtained from normal guinea pigs , the mean shift in dB of the 
CM 10 �V isopotentia l  curves was obtained (Fig. 7- 4 ) . Thi s  shift 
varie s from 1-6 dB i n  groups 1-6 . S tarting with group 6 the 
CM output decre ased , whi ch is repre sented i n  the shi fts : group 
6 - 1 1  dB r group 7 - 1 8  dB and group 8 - 4 8  dB . A shift of the 
curves smalle r  than 6 dB i s  within the SO-range as calculated 
for normal guinea pigs (SO = 6 dB ) • 









Fig. 7-4: Shift from normal of the 
mean stimulus leve ls to 
generate 10 l.l V CM output 
at frequencies of 2, 4, 
8 and 16 kHz • 
The CM re corded with round window e lectrode s i s  thought to 
re flect a weighted function of the AC potenti als generated by 
the OHC of the b as a l  turn main ly (Tasak i  et a l . , 1 9 5 4 ;  Dallas , 
1 9 6 9 ; Dallas e t  al . , 1 9 8 1 ) . Therefore , the res ults of waltzing 
guinea pigs indi cate that at least i n  this part of the coch lea 
the OHC generate a ne arby normal CM (groups 1-6 ) . Obvi ous ly , 
the s e  OHC are s timulated i n  an almost normal way , which leads 
to the conclusion that gros s mechani cs of the basi lar membrane 
are hardly changed in the bas a l  p art of the inner ear . Thi s  
obs ervation furthermore rules out middle e ar dis orders le ading 
to conductive hearing loss to be the cause of the obse rved AP 
and SP change s .  
Con c lus i on 
I nterpre tation of the e lectrophysi ological alte rations as 
re gis tered from waltzing guinea pigs s uggests that in young 
animals ( up to group 6 )  the basilar membrane is normally acti­
vated by the s timuli used . These activated se ctions of the 
basi lar membrane do not change with incre as ing age and all 
IHC/afferent n e rves within this s ection are equally affected 
by the wa ltzer lesion . 
Towards pos sible hypothe ses for explanation of the alte re d  
e le ctrophys iologi cal parame ters , de creased s timulation o f  the 
IHC at the leve l of the tectori al membrane - s te reoci lia - hair 
ce l l  top enti ty (hypothe s i s  I )  or changed bioelectri cal p rop­
erties of the s ensory ce l l s  (hypothes i s  II ) should be con s i de re d . 
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7 . 2 Morpho l ogy 
The tissue proces s i ng techniques generally used for SEM 
and TEM always a lter the morphology of the specimen . E specially 
ti s sues prepared for SEM s uffer arti facts due to shrinkage 
depending on the techniques use d .  The re fore , the first part 
of the dis cussion deals with the morphological con s equences 
of ti s s ue proce s s i ng for SEM ( 7 . 2 . 1 ) . The second part of the 
di scus s i on ( 7 . 2 . 2  normal guinea pigs ) de als wi th two specific 
topi cs : the spatial re lation be tween the te ctoria l  membrane 
and the organ of Corti and the maturation process of the sensory 
ce lls . The morphological change s of the organ of Corti of 
waltzing guinea pigs are di scussed i n  7 . 2 . 3  in comparison wi th 
the observations on normal animals as described i n  7 . 2 . 2  and 
in the li terature ( 2 . 1 . 5 ) . 
7 . 2 . 1 Tis s ue p rocess i n g  for SEM 
During spe cimen fixation , dehydration and cri tical point 
drying for SEM conside rab le shrinkage occurs in a l l  biological 
tis s ues (Hay at ,  1 9 7 0 , 1 9 7 3 ,  1 9 7 8 ;  Boyde et a l . , 1 9 7 7 ) . S uch 
shrinkage causes no s e ri ous problems i f  a l l  ti ssue components 
show the s ame dimensional changes .  However ,  wi thin the inner 
ear the various parts exhibit di f fe rent amounts of shrinkage , 
varying between 1 0 %  and 4 5% , depending on the proce ssing tech­
nique use d  and on the hydrated s tate of the specimen ( Lim , 1 9 7 7 ) .  
Mai nly during dehydration shri nkage re ache s i ts maximum rate 
(Boyde e t  a l . , 1 9 7 7 ,  1 9 79 ; Wol lweber e t  al . , 1 9 8 1 ) . In the 
coch le a  the most obvious morphological changes due to shrink age 
are vi sible as large transverse cracks involving the lamina 
re ti cularis and the b asi lar merobrane . But also a s light distor­
ti on of the s te re ocilia o f  the h ai r  ce l ls and , moreover ,  changes 
in the number and shape of the microvi l li of the s upporting 
ce lls of the organ of Corti s ometimes have to be attributed 
to shrink age . This often results in the appearance of a sponge­
like s urface of the phalange al p l ates of the Dei ters ce l l s . 
Therefore , these a lterations can be use d  to serve as a graduator 
in es timating the amount of shrinkage that alte re q  the organ of 
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Corti (Lim , 1 9 7 7 ) . Yet s ome shrink age i s  nece ssary to enab le 
inve stigation of the organ of Corti and the unde rs i de of the 
te ctori al membrane . 
The conti nuous dehydration procedure used in thi s study 
has the advantage that the concentration of the dehydrating 
agent i n crease s moderate ly especia lly at concentrati on leve ls 
between 70 % - 1 00 % ,  where shrinkage re aches i ts maximum rate 
(Boyde et a l . , 1 9 7 7 ) . As can be concluded from the aspect o f  
the upper s ur face o f  the phalangea l  plates , i nner e ars thus 
processed reve a led the least arti facts of the organ of Corti . 
I t  should be re ali zed , howeve r ,  that the cri tical point drying 
techniques used i n  thi s  s tudy do i ntroduce some dimensional 
changes too . These could not be avoided during tissue proce ss ing. 
7 . 2 . 2 Norma l guinea p igs 
Sensory ce ll exci tation compri s e s  mechanical s e nsory ce l l  
s timulation and bioe lectri cal conductance along a membrane re­
late d  pathway i n  the s ens ory ce l l .  The morphological corre late 
of these exci tatory p roce s s e s  in the organ of Corti is sti l l  
obs cure . The re fore , these morphologi cal corre late s i n  normal 
guinea pigs h ave to be dis cussed firs t , in order to permi t in­
terpretation of alte re d  morphology as found in waltzing gui ne a 
pigs . The di s cus sion i n  7 . 2 . 2 . 1 ,  concerning the spati a l  re l ati on 
between the te ctori al membrane and the organ of Corti in normal 
guine a pigs , is of importance to unders tand how morphologic a l  
alte ration s  of the hair ce ll top might i nfluence me chanical 
sensory ce ll s t imul ation . The discuss i on on the morphologic a l  
corre late of the maturation proce s s , whi ch w a s  deduced from 
the e le ctrococh leographical experiments , is of importance to 
i nte rpret the re lati onship between sensory ce ll degeneration 
and se nsory ce ll exci tati on . The re fore , the dis cussion in 
7 . 2 . 2 . 2  wi ll be focussed on the age-re l ated morphological 
alte rations . 
7 . 2 . 2 . 1  Th e s p a t i a l  re l a ti on b e tw e e n  the tec tori a l  membrane 
and the organ of Corti 
Much s tudy has been devoted to the morphological re lationship 
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be tween the organ of Corti and the te ctori al membrane , and more 
spe ci fi c between the c ontact of the s te reoc i l i a  of the sen sory 
ce lls and the te ctori al membrane . Conceptions as to this re la­
ti onship h ave ranged from a c lose con tact be twee n  the entire 
basal part of the te ctorial membrane wi th the lamina re ticulari s 
of the organ of Corti ( Ros s ,  1 9 7 4 ;  Lawrence and Burgio , 1 9 8 0 )  
to an open s ubtectori al space in whi ch on ly the s t e re ocilia 
contact the te ctori al membrane ( Rauch , 1 9 6 4 ; Lim , 1 9 7 2 ,  19 7 7 ;  
Flock , 1 9 7 7) . Other concepts we re based on a partiti on of the 
me di al part of this s ubtectori al space , in which the subst ance 
of Hensen ' s  stripe encapsulate s the IHC s te reoci l i a  comple te ly 
(Kimura ,  1 9 6 6 ; Engstrom and Engstrom , 1 97 9 ;  Kronester-Frei , 
19 79 ) . Part of the current di ffe re nce of opinion i s  the que stion 
whether the sub tectorial region i s  s ealed from the endolymph 
of the s cala media by the outer rim o f  the te ctori a l  membrane 
(Rauch , 19 6 4 ;  Ros s , 1 9 7 4 ;  Kronester-Fre i ,  19 7 9 ; Man ley and 
Krone ster-Frei , 1 9 80 ;  Lawrence and Burgio , 1 9 8 0 )  or permits 
a more or less complete exchange betwee n  endolymph and a fluid 
of the s ubtectori al s pace (Lim , 1 9 7 2 ,  1 9 7 7 ;  Tanaka et a l . , 19 7 3 ;  
Hoshino , 1 9 7 6 ; Hoshino and Kodama , 1 9 7 7 ;  Flock , 1 9 7 7 ; Hunter 
Duvar , 1 9 7 7) . 
In the normal guinea pigs (des cribed in se ction 6 . 3 . 1 ) the 
underside of the te ctoria l  membrane showed single W-shaped 
impre s s i ons for e ach r ow of OHC corre sponding to the longe st 
of the s te re ocilia . Imp ri nts of the IHC ste reoci lia complete ly 
lacked .  These ob servations correspond to those known from the 
literature (Kimura , 1 96 5 ;  Kosaka e t  al . , 1 9 7 1 ; Lim , 1 97 2 , 1 9 7 7 ;  
Tanak a  e t  a l . , 1 9 7 3 ;  H oshino , 1 9 7 6 ; S oudi j n ,  1 9 7 6 ) . I n  these 
inner e ars Hensen ' s  s tripe was undi s turbe d and did not show 
' trabe cula-like ' s t ructures as de s cribe d by Lim ( 1 97 2 ) . Only 
when process ing arti facts were vi sib le s uch ' trabeculae ' could 
be observed . Then the oute r margin of the tectori a l  membrane 
had the �ppe arance of a so-called 1 Randfadennetz ' ,  a perforated 
outer rim .  From these data it might b e  concluded that this 
perforated oute r rim as we ll as the appearance of ' trabecula­
like ' s tructure s , caus ed during ti s s ue proce s s ing , are to be 
inte rpre ted as artifacts . Norma lly the outer rim of the te ctorial 
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membrane i s  unbroken .  
From the mode o f  reversi on o f  the tectori al membrane i t  is 
clear th at the uppe r part of thi s  membrane shrinks more than 
i ts basal laye r during tissue proce ssing. Moreover ,  the di s t an ce 
be tween the imprints of OHC 1 and OHC 3 and that between the 
l ateral aspect of Hensen ' s  stripe and the imprints of OHC 1 
a lmost equate d  the i nte rspace between the corresponding ste reo­
ci li a .  Thi s  indi cate s that the amount of transversal reduct i on 
i n  si ze of the b asal layer of the tectori a l  membrane i n  the 
re gion di re ct ly opposing the organ of Corti almost equated that 
of the lamina re ticularis . Thus , more precise ly , maximum shrink­
age of the te ctori al membrane o ccurs in the basal layer over 
the i nner s ulcus regi on and i n  the uppe r parts of the memb rane . 
The basal laye r opposing the organ of Corti i s  to be interpreted 
as being re lative ly stiff and thus poor ly hydrated i n  contrast 
wi th the remaining parts of the tectorial membrane . 
Thi s  opinion agrees we l l  with the re cent obse rvations o f  
K ronester-Fre i ( 1 9 7 8 )  demonstrating two kinds o f  protofibri l s  
of varying degrees of hydration wi thin the tectori al memb rane . 
Type A protofib ri ls were found mainly in the b asal layer to­
ge ther wi th poorly hydrated type B protofibri ls . S trongly hy­
drated protofibri ls , also of type B ,  constituted the middle 
zone . The hydrated s t ate of the s e  protofibri ls varied with the 
ion i c  compos i ti on of endo lymph (Kronester-Fre i , 1 9 7 9 ) . Under 
in vi vo- like condi ti ons Kronester-Frei ( 1 9 7 9 )  observed tha t  
the marginal zone o f  the tectori al membrane se aled the s ub ­
te c tori al space from the endolymph . I n  these spe cimens the under­
s i de of the te ctorial membrane was in c lose approximati on to 
the s urface of the organ o f  Corti and the mate ri a l  of Hensen ' s  
s tripe fully enc losed the s tereoci lia of the IHC . 
Seve ral observati ons ,  howeve r ,  indi cate that a ' comp lete 
attachment ' of the tectorial membrane i s  unl ike ly and that its 
marginal zone i s  not capab le to function as a barrie r to 
endo lymph : 
i - The re ticular lamina of the organ of Corti as observed with 
SEM sh owed nume rous mi crovi lli lining the surface of the 
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s upporting ce lls . Equal s urface s pe c i a l i z ation was observed 
on the endolymphatic ce lls of Rei ss ner ' s  membrane and of the 
C laudius ce lls {Hunte r Duvar , 1 9 7 8 ) . The marginal ce l l s  of the 
stri a  vas culari s ,  lini ng the s cala medi a ,  also showed microvi l l i  
{Horn et al . ,  1 9 7 7 ) . The sing le s tructure wi thin the s cala media 
on which s uch membrane spe ci aliz ation was absent , was the 
te ctori al membrane . 
ii - Transmiss i on e le ctron microscopical examination of the 
ce ll j uncti ons between the hair ce l ls and s upporting ce lls and 
between adj acen t  s upporting ce lls showed tight j un c ti on s  at 
the api cal s i de s  { se ction 6 . 4 . 1 ) { Iurato e t  a l . , 1 9 7 7 :  N adal , 
19 7 8 ) . S uch a membrane specializati on s e rves as a permeabi lity 
b arrier against the inte rc e llular p as s age of molecu le s , thus 
being in part responsib le for the mainte nance of di stinct i on i c  
gradients over the lamina reti culari s . Equal ce l l  j un ctions 
were found between the e ctodermal ce lls of Rei s sne r ' s  membrane 
{ Ros s ,  19 7 8 ) , the s tri a vasculari s , the Claudi us ce l l s , the 
inner sulcus ce lls and the i nterdental ce lls of the limbus spi­
ralis ( I urato , 1 9 6 7) . No i ndi cation for s uch ce ll j unctions 
was found be tween the tectori al membrane and Hen sen ' s  ce l l s . 
These obse rvations s t rongly s ugges t  that the s ubtectoria l  space 
is not se aled from the endolymphatic space . Therefore , it mus t  
b e  as sumed that e ndolymph can pass i nto thi s  sub te c torial space 
as was previ ou s ly s tated by F lock ( 1 9 7 7 ) , Lim ( 1 9 7 2 , 1 9 7 7 ) , 
Tanaka e t  a l .  { 1 9 7 3 ) , Hoshino { 1 9 7 3 ) and Hosh i no and Kodama 
{ 19 7 7 ) . 
Other arguments for the assumption that an actual s ub tec­
tori a l  sp ace exists are the s t iffness of the basal layer of 
the te ctori al membrane and the presence of clear impre ssion s  
of OHC in i t s  s tiff b as al layer as we ll a s  the lack of such 
impressions of IHC s te reoci lia . 
Con c l us i on 
The existence of a s ubtectoria l  cleft mak e s  a surface to 
surface contact be tween the basal part of the te ctorial membrane 
and the re ticular l amina high ly improbab le . The wi dth of the 
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c le ft of this s ubte ctori al space wi l l  be de te rmined by the 
length o f  the s ti f f  s te reocilia of the OHC . Given the sti ffness 
o f  the b as al layer o f  the tectoria l  membrane and the c lear im­
p rints of OHC s te reoci lia i t  s eems like ly that the attachment 
be tween the OHC s tereoci lia and the tectori al membrane wi l l  
be fi rm ,  whereas the l ack of IHC imprints indi cate s ,  th at the 
contact ( i f  any) between the IHC ste re oci lia and the tectori al 
membrane wi ll be on ly supe rfi cially . It might even be pos s i b le 
th at the IHC s te reoci lia are stimulated by drag of di splaced 
subtectori al f luid ,  as was s tated by Frommer ( 1 9 7 9 ) . The di f­
fe rent mode s of attachment of stere ocilia of IHC and OHC might 
imply di ffe rent mode s of s timulati on . In that case i t  can be 
as sumed that the functional expres s i on of sensory ce l l  pathology 
wi ll be di fferent for IHC and OHC .  
7 . 2 . 2 . 2 The ma tu�a tion p �oae s s  o f  the sens o �y ae Z Z s  
The organ of Corti as reve aled ultrami croscopi cally did not 
show any age- re lated changes of the dimensions , the i nner aspe ct 
and the di stri buti on pattern of the s te re oci lia of IHC and OHC . 
Fibri llar mate ri al i nte rconnecting the s tereoci lia was only 
observe d  i n  arti factual deranged preparations , in contrast with 
the observations reported in other studies (Kimura , 1 96 6 ;  
S oudi j n .  1 9 76 ;  Flock e t  a l . , 1 9 7 7 ; Engstrom and Engst rom , 1 9 7 8 ) . 
Some authors s uggested a function for this materi al to separate 
the individua l s te re ocilia . However ,  i t  is more like ly to con­
s i de r  s uch inte rconne ctions to be precipitations of the carbo­
hydrate coating of the plasmamembrane , i ntroduced during tissue 
proce s s ing. In vivo the function of thi s negative ly charged 
carbohydrate coating ( glycokalix) i s  to maintain repul sive 
forces be tween the membranes of the i ndividual stere oci lia 
(KUttner and Geyer , 1 9 7 2 ;  F lock and Cheun g ,  1 9 7 7 ; F lock e t  a l . , 
1 9 7 7 ) . 
E ach s te re ocilium contained a bundle of longi tudinally 
oriented fi laments embedded in a matrix .  These fi laments are 
thought to consist of actin (Flock and Cheung ,  1 9 7 7 ;  F lock , 
19 8 0 ; S lepecky and Chamberlai n ,  1 9 81 ) . Using specific antibodi e s  
Zenner ( 1 9 81 )  demonstrated actin to be localized in the s te reo-
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ci lia and i n  the c uti cular p late as we l l .  According to Engstrom 
and Engstrom ( 1 9 7 8 )  the number of actin fi laments coun ts up 
to 8 0 0  in IHC s te re oci lia and up to 4 0 0  in OHC s tereoci lia . 
Bec ause of the spec i a l  orientation ( a  hexagonal array) of the 
actin fi laments w i thin the bundle s ,  these are cons idered to 
be re lative ly s t i f f  ( DeRos ier e t  a l . , 1 9 80 ; Ti lney et al . , 1 9 80 ) . 
By mechani cally manipulating the s te reoci lia of the ve stibular 
hai r ce lls Flock e t  a l .  ( 1 9 7 7 )  found these h airs to pivot as 
a s t i f f  bar . In this s tudy the array of the fi laments within 
the bundle did not show any age-re lated changes , i ndicating 
that the me chanical properties of the s tereocilia remained un­
changed si nce b i rth , and show no maturati on proce s s . 
From the fact that the cytoarchi tecture of the apical and 
subapi cal part of the hair ce l l s  doe s not change wi th age , i t  
might be concluded that the e le ctrococh leographical maturation 
process , as demonstrated for compound AP ' s ,  cannot be attributed 
to morphologica l changes in these zones . Thi s also exp lains 
why in all norma l anima ls studied the re ceptor potentials (SP , 
CM) , whi ch are be lieved to be gene rated at the receptor pole 
of the hair ce l l ,  b eing the apical and subapical zone s (Dallas , 
1 9 7 3 ;  Dal las et al . ,  1 9 7 2 b ) , were i ndependent of age . 
Wi thin the s ensory ce lls the on ly and most s triking age­
re lated alte rations that could be found by TEM was the complete 
absence of synaptic b ars in the b a s a l  zone of the IHC of normal 
guinea pi gs up to 2 days of life ; on ly some ve si c les we re pre s ­
ent in the region adj acent to affere n t  nerve s .  Within the first 
week of li fe the number and the dimension s  of the synaptic bars 
incre ased . The morphology of the affe rent nerves and more con­
cre te ly of their postsynaptic regions we re independent of age 
in a l l  animals s tudied .  
Thi s  structural dive rs i ty o f  the synaptic bars re flects 
e i the r a range of di fferentiati on of the parti cular organe l le ,  
or a dyn ami c re sponse to changes i n  the phys iological s tate 
of the ce ll . The latter possib i l ity s eems attractive , as the 
appearance of such bars can be modi fied by changes i n  s timulus 
condi tions . For instan ce , observati on s  on the pinea l  body of 
guinea pi gs i ndi cated that the s i ze of the synap ti c  b ars 
1 20 
incre as ed during continuous i llumi nation (Vollrath and Huss , 
1 9 7 3 ;  Vol lrath and Howe , 1 9 76 ) . I n  the fish retina a darkness­
i nduced re duction of the numbe r  and s i ze of synapti c  ribbon s  
was quanti fied ultrami cros copically usi ng seri al se cti ons 
(Wagner , 1 9 7 3 ) . Furthermore catecholamine precursors and re lated 
drugs induced alterations in the s i ze and dens i ty of synap t i c  
bars i n  the ves tibular sens ory epithe lia o f  the frog (Thornhil l ,  
1 9 7 2 )  and i n  the pineal body o f  gui ne a pigs (Vollrath and H owe , 
19 76 ) . Of great importance too , i s  the fact th at the formation 
and maintenance of synapti c bars was found to be i ndepende n t  
of the presence of the affe rent nerve s , since non-innervated 
sensory ce l l s  in the regenerati ng tai l of the s alamander were 
normally equiped with synaptic dense bodies (J¢rgensen and 
F lock , 1 9 7 6 ) . Thi s  also agrees with the obse rvations of Gleisner 
and We rsa l l  ( 1 9 74 ) , who found syn apti c b odies in denervated 
hair ce lls of the frog cri s t a  ampullari s .  
I t  is ve ry like ly , that the synaptic bars , equal to the 
presynaptic ve sicular grid i n  synapse s  of the central nervous 
sys tem, are de rive d  from the exte rn a l  coats of the synapti c 
ves i cles (Jones , 1 9 7 8 ) . The thus consti tuted bars are thought 
to se rve as a guidance of synapti c vesi c le s  to the ve sicle at­
tachment s i te of the p lasmamernbrane (B lomberg et a l . , 1 9 7 7 ;  
Jones , 1 9 7 8 ;  Benshalom and F lock , 1 9 8 0 ) . These synaptic ve s i c les 
probably contain the neurotransmitter for excitati on of the 
affe rent ne rves . For the coch lear nuc leus recent s tudies h ave 
sugge s te d  that the exci tant amino aci d might be re lated to 
glutamate or aspartate . Destructi on of the organ of Corti or 
se ction of the acousti c nerve caused a ·de cre ase of glutamate 
and aspartate leve ls in the cochlear nuc leus of 2 5 - 35 % (Wenth o ld, 
1 9 7 8a;  Thalmann et a l . , 1 9 80 ) . Re cently , labelled glutamate 
and aspartate have been reported to be re leased by acoustic 
stimulation ( Hanss on e t  a l . , 1 9 8 0 ) . Furthermore the app lication 
of these amino acids to the coch lear nucleus e ffec ted changes 
in acoust i c  response patte rns (Caspary et a l . , 19 81 ) . The puta­
tive neurotransmitte r  for the synapses with the afferent nerves 
of the organ of Corti i s  also thought to be re lated to the se 
amino acids . 
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Con a Z us ion 
Interpretation o f  the morpho logi cal alte r ation s  of the sen­
s ory ce l l s  i n  young norma l guinea p igs leads to the conclusi on 
th at the maturation proces s that was found e lectrophysi ologi­
cally must be re lated to a l terations in the b as a l  zone of the 
IHC . Whe the r  this bioe le ctri cal or biochemic a l  maturation is 
primari ly caused by an i ncre as e  of the producti on of synaptic 
ves i c les or by changes of the p lasmamernbrane caus i ng increased 
bioe le ctri cal transmi s s i on of the s timulus leading to enhanced 
re lease of normal ly avai lab le neurotransmitter ,  remains unre­
s o lve d .  Either of these maturation proces s e s  achieve increased 
stimulati on o f  the a f fe rent nerve s ,  which is responsible for 
the AP maturation proces s  as regis tere d  i n  normal gui nea pigs 
e le ctrophysiologi cally . 
7 . 2 . 3 Wa l tz i ng gui n e a  p i gs 
S ummari zing the results of SEM and TEM toge ther i t  can be 
s t ated that , with re spect to the onse t of the degenerati on pro­
ce ss , sensory ce ll de formation occurre d i n  the apical zone , 
the b a s a l  zone and the s ub apical zone s ubs equently . 
Alre ady at bi rth the api cal zone of both OHC and IHC showed 
protrus i on o f  the ce l l  surface . The di ffe rent grades of protru­
s i on we re classified 0 - 4 . The e arlie s t  alterations consisted 
of di storti on grade 1 :  unaltere d  leve l of the stere oci lia and 
protrus i on of the api cal zone including the cuticu la- free margin . 
With i ncre as i ng age distorti on progre ssed . Withi n the organ 
of Corti the IHC showed always a more advanced di stortion grade 
than the combinati on of OHC at the s ame leve l .  Actual loss of 
hair ce lls be came apparent i n  anima ls aging over 9 days , being 
mainly re lated to the transitional zone be twee n  the fi rst and 
se cond turn . Wi th i nc re as ing age hair ce l l  los s  spre aded , albeit 
tha t  the transitional z one was the part of the cochlea being 
mos tly affecte d .  Thes e  data corre spond with the obse rvations 
of Ern s t s on ( 1 9 7 1 a ,  1 97 2 ) , b oth morphological ly and chrono­
logi cally . 
S tarti ng with distorti on grade 2 the basal z one showed alter­
ati ons . H owever ,  the i nvolvement of OHC and IHC has to be clear ly 
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dis tingui shed . In OHC this basal zone and the affe rent and e f­
ferent nerve s remai ned n ormal up to the moment of actual hair 
ce ll loss . In IHC early alterations became vi sible : contrary 
to the s i tuation in normal animals aging over 2 days , waltzing 
gui ne a  pigs at the s ame age showed only some synaptic vesi c les , 
whereas synaptic bars we re completely absent . Initi ally the 
affe ren t nerves were normal . With i ncre asing degre e s  of distor­
ti on of the api cal z ones of the sensory ce lls , and by conse­
quence with i nc re as i ng age , the afferent nerve s  degenerate d .  
Thi s  became obvious i n  IHC showing dis tortion grade 3 .  The se 
alte rations of the b as a l  zone and the afferent nerves of the 
IHC were not reported by Ernstson ( 19 7 1 a) . 
Ultimate ly the s ubapi cal zones of OHC and IHC narrowe d ,  
re sulting i n  extrusi on o f  the greatly a ltered api cal part of 
the hair ce lls . Finally no h air ce l l  remnants could be found 
in the organ of Corti , then the supporting ce lls started to 
de generate . 
The boundaries of the cochlear duct , be ing Rei s s ne r ' s  mem­
b rane , the s tri a vas cularis , the basi lar membrane and the sp iral 
limbus remained unalte re d  as long as the organ of Corti was 
present .  Thi s  corresponds to the regis tration of normal endo­
lymphatic pote ntial values in waltzing guinea pigs (Koni shi , 
19 79 )  and to the fact that the proteins of the s tri a vas cularis 
were una ltered (Wenthold and McGarve y ,  1 9 8 0 ) . 
The morphologi ca l a l te rations of the sensory ce lls are caused 
by a genetically i nduced de fect (Ernstson , 1 9 7 0 ) . The fi rs t 
s i te of expre s s i on of thi s  de fect , howeve r ,  i s  s t i l l  unreve a le d .  
I n  se ction 7 . 2 . 3 . 1  possib le site s  within the sensory ce lls wi ll 
be di scus se d .  
For a correct inte rpretation of the e lectrocochleographi cal 
data , i t  i s  important to dis cus s the consequences for the mor­
phologi cal corre late of sensory ce l l  excitation of thi s  genetic 
de fect . These morphologi cal corre lates wi ll be dis cus sed in 
se ction 7 . 2 . 3 . 2 .  
7 . 2 . 3 . 1  The s i te o f  e xpression of the gene ti c  defe c t  
B ased on the data from the literature ( chapter 3 )  it was 
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s tate d th at the i nborn les i on in wa ltzi ng guinea pigs appe ars 
to be re stri cte d to the sensory ce lls of the organ of Corti 
and of the vestibular apparatus : within the organ of Corti only 
the sensory cells showed alteration s . Abnormali ties of the 
structure s constituting the walls of the coch lear duct be came 
on ly apparent i n  animals aging over 1 year . 
With re spe ct to the i nvolvement of the sensory ce l l s  of the 
organ of Corti showing the firs t e xpre s s i on of the genetic 
de fe ct , the present study fully con firms the se dat a .  The 
e arlie st alte rations con sisted of protrus i on of the api cal zone 
of the sensory ce lls . The othe r zones initially remained un­
altered . 
Such s ensory ce ll de formation might be re lated to a de fect 
involving the stereoci li a and the cuti cul a .  Howeve r ,  these al­
te rations mi ght also be caused by a loss of ce ll s tabi lity due 
to a de fe ct i n  the cytoske leton , by incre ased membrane- re late d 
osmoti c pressure or by a lte red ene rgy s upply of the sensory 
ce lls . The re fore , these factors wi l l  be discussed subsequently .  
i - Th e s tereoci l i a  and the cu t i cu l a  
During hair ce ll distortion the aspe ct o f  the actin bundles 
wi thin the stereoci l i a  remained normal .  Even when giant stere o­
ci lia we re formed (distortion grade 4 )  separate bundles of acti n 
could b e  distinguished wi thin the giant hairs . Thi s  normal array 
of the actin fi laments would i ndicate that these bundles re­
mained unchanged and there fore most like ly re tained the i r  sti ff 
me chanical properties ( F lock et a l . , 1 9 7 7 ;  DeRosier et a l . , 
19 80 ; Ti lney e t  a l . , 1 9 80 ) . Howeve r ,  the c lear ly separated 
s tereoci l i a ,  as obse rved in di stortion grade 3 ,  were severe ly 
de range d .  The bended shape of these hai rs i ndi cated that the 
me chanical p rope rties of the actin bundles wi thin the se stere o­
ci li a mus t be a l tere d , despi te thei r  norma l morphological ap­
pearance . Apparently s uch mechanical alte rations were not 
present in h air ce lls showing minor di s tortion (grade s 1 and 
2) , s i nce these s tereoci l i a  showed a regular array and a normal 
upright posi tion . From thi s it might be assume d ,  that in sensory 
ce lls grades 1 and 2 the expression of the gene ti cally induced 
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les ion is not p rimari ly related to the bundles of actin fi la­
ments within the s te reoci lia . 
i i  - The cy toske le ton 
Protrus ion of the hair ce ll top as seen i n  distortion grade s 
1 and 2 also involves the cuti cula- free region . Obvious ly the 
cytoske le ton of the sensory ce ll could not wi thhold thi s  region 
nor the pe riphe ral parts of the cuti cula from be coming e levate d .  
The hair beari ng part of the cuti cula , howeve r ,  i s  not e levated , 
indi cating that initially in the central part of the hair ce l l  
the anchoring function of the cytoske leton i s  undi sturbe d .  
I n  most ce l ls the cytoske leton mainly consi sts o f  mi cro­
tubules and mi crofi laments , which in con j unction are responsible 
for preservati on o f  ce ll shape . It i s  gene rally accepted that 
mi crotubules are re lated to tubu lin and microfi laments to actin . 
Als o the sens ory ce lls of the i nner ear are equipped wi th such 
a cytoske le ton (Flock , 1 9 80 ) . Using antibodies against actin 
or tubu lin Zenner ( 1 9 80 )  demonstrated actin to be loca lized 
mainly in the s tereocilia , in the cuti cular p late and along 
the ce ll margins of the IHC and OHC . Tubu lin was found to be 
present in the cuti cula and near the ce ll margins of IHC and 
OHC . 
From the cytoske leton in the sensory ce lls only the micro­
tubules could be vi sualized in the e lectron microscope with 
the te chniques used i n  this i nve stigation . In waltzing guinea 
pigs these mi crotubules remained una ltered with re spect to 
orientati on and locali zation in all sensory ce l ls studi e d .  From 
the fact that even in severe ly deranged IHC (distortion grade 
4 and constri cti on of the subapical zon e )  microtubules could 
be found , it can be concluded that the pre sence of morphologi­
cally i ntact mi crotubules is not indi cative for a functi onal 
cytoske leton . The re fore , it should be considered that in the se 
sens ory ce l ls the other component of the cytoske leton , i . e .  
the actin fi laments , becomes alte re d .  In support of thi s opinion 
rod-sh aped inclus i on bodies were found to increase in size with 
age i ns ide the ve stibular sensory ce l ls type I of waltzing 
guinea pigs (Ernstson e t  a l . , 1 96 9 ) . Re cently the nature of such 
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i nc lusion bodies has been reve aled : us i ng the technique of de c­
oration of acti n fi laments with 5 1- fragments of myosin , S obin 
and Flock ( 1 9 8 1 )  found the fi laments of the rod to consist of 
acti n .  These authors conc lude d that the geneti c  de fect of 
waltzing guinea pigs appe ared to be re lated to mechanisms whi ch 
de termine the orientation of these actin fi laments and by con­
sequence i n f luence the function of the cytoske leton . H oweve r , 
whereas the result of the morphological deve lopment of the s en­
s ory ce l ls i n  the waltzing guinea pig , as seen with the e lectron 
mi croscope , seems to be normal with re spe ct to the ce l l  shape , 
i t  might be concluded that either the primary de fect i s  not 
in the cytoskeleton or that the e xpres s i on of the de fe ct be comes 
obvious on ly under the weight of its function i n  the cochlea 
of the newborn guinea p ig .  In the last case , it might be con­
cluded from the initi a l ly normal leve l of the central p art o f  
the cuti cula , that the actin filaments o f  the periphe ral part 
of the cytoplasm lose thei r  functiona l orientation first . 
i i i  - Th e p lasmamembran e s  
The submicroscopical aspect of the plasmamembranes and their 
inte rce l lular j unctions were normal in waltzing guinea pigs . 
I n  hair ce lls showing dis tortion grade s 1 ,  2 and 3 all s te re o­
ci lia were c lear ly separate d ,  i ndi cating that in these hair 
ce l ls the membrane-re lated glycoka lix was unaltered (Kuttner 
and Geyer , 1 9 7 2 ;  Flock et a l . , 1 9 7 7 ) . In hai r  ce lls with di stor­
tion grade 4 the s tereoci lia fused . Thi s  must be re lated to 
a progressive di s function of the glycokalix-part of the plasma­
membrane , le ading to breakdown of the repulsive forces between 
nei ghbouring s te re oci lia . Such a loss of glycokalix with the 
s ame e ffect on sensory ce l l s  has been demonstrated previous ly 
in s t reptomyc in-tre ated animal s  (Duva ll and Wersal l ,  1 9 6 4 ) . 
Fus i on of the s tereoci lia , bulging of the a e n t r a l 
p arts of the cuti cula as we ll as vacuol i z ation and constriction 
of the s ubapical zone are pathologi ca l alte ration s , which can 
be found in s ound damaged inner e ars (Be agley , 1 9 6 5 ; S oudi j n ,  
19 7 6 ;  Hunte r  Duvar , 1 9 7 8 ) , and after administration of various 
ototoxi c antibioti cs (Y likoski et al . , 1 9 7 4 ;  Ryan et al . ,  1 9 80 )  
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or ototoxi c diuretics (Quick and Duvall , 1 9 7 0 ) . The gross 
changes of p lasmamembranes found i n  these cases , must be con­
s i dered to be the e xpre ssion of fatal membrane-re late d  alte r­
ations i n  " dying" ce lls . Undoubtedly the later manife stations 
of hair ce ll de te rioration ( di stortion grade 4 and pre sumably 
grade 3) in waltzi ng guinea pigs should also be regarde d  to 
be caused by seve re changes occurring in the plasmamembranes 
and in the p art of the cytoskeleton underneath : the microfi la­
ments . Howeve r ,  in distortion grades 1 and 2 no indi cation has 
been found for s uch severe damage of the plasmamembranes : on ly 
bu lging of the hair ce ll top at i ts p e r i p h e r a l mar­
gi ns and moreove r  a c lear s eparation of the almost norma l ly 
arranged s tereoci l i a  w as observed . The re fore , i t  may be con­
cluded that the expression of the genetic de fe ct is not primar­
i ly re lated to the glycoprotein component of the plasmamembranes 
of the s ensory ce l l s . Thi s  does not mean , howeve r , that anothe r 
i ntegral part o f  the p lasmamembrane , the i on-pump being re spon­
s i b le for re gulation of the osmoti c pre s s ure of the sensory 
ce l l ,  i s  functioning prope r ly .  In this case the s l ight bulging 
that could be obse rved i n  distortion grade 1 might we ll be in­
te rpre ted as an e ar ly sign of increased osmotic pressure . 
i i i i  - The e nergy s upp ly o f  the ae l l s 
The normal aspect and the normal di s tribution of the mito­
chondri a in both IHC and OHC of waltzing guinea pigs irre spec­
tive of age and e ven i n  seve re ly degenerated ce l l s , are strong 
arguments for the assumption that the energy supply of the s en­
sory ce lls wi ll not be h ampered i n  young and o ld waltzing guinea 
pi gs . A gene ti c de fect at thi s  level therefore seems to be 
un like ly . 
7 . 2 . 3 . 2  Th e morp ho logica l aon s e q uenaes of s e n sory ae l l  
di s fun c ti on 
I t  i s  c lear from the degeneration sequence as observed in 
the organ o f  Corti o f  waltzing guinea pigs that the sensory 
ce lls degene rate fi rs t ,  followed by the affe rent nerve s of the 
IHC .  Within the IHC the api ca l  zone i s  primari ly involve d ,  therr 
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the basal zone and finally the sub apical zone . As was stated 
in the di s cus sion on normal gui nea pigs the presence and the 
dimensions of the synaptic bars re flect the phys iologi cal s tate 
of the sensory ce ll . The re fore , the lack of synaptic b ars in 
the basal zone indi cates that e i ther thi s  zone becomes less 
stimulated or that the p roduction of syn apti c  vesi cles is less 
than norma l .  Howeve r ,  in young waltzing guinea pigs synaptic 
ves i c le s  c ould be found in the b asal zone , from which i t  might 
be conc luded that in I HC the bas al zone be comes less s timulated . 
Thi s de crease of exci tation might be caused by altere d  me chan­
ical prope rtie s of the te ctorial membrane - s tereoci lia - hair 
ce ll top e n ti ty (hypothesis I as proposed i n  7 . 1 . 4 . 4 ) . The mor­
phologi cal changes of the b asal zone of the IHC in waltzing 
guinea pi gs , vi z .  the lack of synaptic bars , might also be 
explained by dis function of the membrane- re lated b ioelectrical 
pathway in the IHC (hypothes i s  I I ) . 
The affe rent nerve s  of the IHC apparently degenerate second­
ary by deprivation of suffi cient stimuli . This degeneration 
of affe rent ne rves spre ads centripetally : Gulley et al . ( 1 9 7 8 )  
reported s e condary degeneration o f  the pre- and postganglion i c  
membranes of the affe rent nerves i n  the coch lear nuc leus of 
waltzers aging 30-6 0 days . Simultaneous ly the glutamate anp 
aspartate leve ls in the cochlear nuc leus be came reduced 
(Wenthold , 1 9 7 8b )  • 
Seve ral e xperiments have been carried out to exp lore the 
poss ibi lity that secondary degeneration of central auditory 
nuclei may result from a diminution of audi tory stimulation . 
Coleman and O ' Connor ( 19 79 )  removed the middle e ar ossi c le s  
monaural ly from rat pups and found a de crease i n  the s i ze of 
the sphe rical ce lls in the anteroventral coch lear nucleus . 
Webster and Webs te r  ( 1 9 7 7 , 1 9 7 9 , 1 9 80 )  con cluded that i n  young 
mice occ lusion of the middle e ar or sound deprivation re sulted 
in a s tatistically significant decrease in the size of ce l l  
groups o f  b r ainstem auditory nucle i .  This e ffect could b e  found 
on ly in youn g  animals . 
From the centripetal degeneration of the afferent nerve s , as 
found for waltzing guine a pigs , i t  might be conc luded that 
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deprivation of s ufficient stimuli by sensory ce ll alterations 
exerts the degenerative changes in the central audi tory nervous 
system reported by Gulley e t  a l .  { 1 9 7 8 ) . Obvious ly not on ly 
the centra l  ne rvous system controls the proce ss of di ffe re nti ­
ation of the deve loping inner e ar {Ruben and Rapin , 1 9 8 0 ) , but 
a l s o  the e xpos ure to appropri ate audi tory s timuli is an e s s e n­
tial component i n  the normal deve lopment of the nervous sys tem. 
Thi s  ' p lasticity ' of the auditory system appears to be pre sent 
on ly in a limi ted peri od of the maturing coch lea : uni lateral 
s ound deprivati on i n  rats was able to cause e lectrophysiological 
alte rations i n  the colliculus inferior only when deprivation 
occurre d between the l Oth and 6 0th day after bi rth ; there was 
no e f fect if deprivation occurred later than the 6 0 th postpartum 
day {C lopton and Winfi e ld , 1 9 7 6 )  . As for the maturation o f  the 
auditory sensory ce lls and the peripheral parts of the audi tory 
nervous system in the normal guinea p i g ,  thi s  apparently oc­
curred wi thin the first week of life , at least for the 6 and 
8 rnrn region of the b as i lar membrane { se ction 7 . 2 . 2 ) . 
The affe rent nerves innervating the OHC , howeve r ,  remained 
normal up to the moment of complete hair ce l l  loss , then the se 
ne rves degenerated .  This is consiste nt with the observations 
of Spoendlin { 1 9 7 5 )  showing that after complete de struction 
of OHC the i r  affe rent nerves finally also degenerated . 
I t  de serves to oe explained why the affe rent nerve s of the 
OHC show no early degenerative change s contrary to those o f  
the IHC . I t  should be noted that some di fferences exist be tween 
the basal zones of OHC and IHC and thei r  afferent nerve s .  I n  
the fi rst case each affe re nt ne rve i nnervate s 1 0  OHC {Spoendlin , 
1 9 7 9 ) , whereas in the second case each IHC is inne rvated by mul­
tiple unbranched affe rent nerves {Spoendlin , 1 9 7 0 ) . Furthermore , 
in the basal z one of OHC of both norma l and waltzing guinea pi gs 
synaptic b ars were neve r observed . This morphological dispari ty 
from IHC might indi cate that even under normal circumstanc e s  
for e ach OHC the production or the re lease of neurotransmitte r 
is at a lowe r leve l compared to that of IHC . Thi s  could indicate 
that a gre at numbe r  of OHC h ave to be exci tated in order to be 
ab le to stimulate these affe rent nerves . 
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In the dis cussion on the s patial re lation between the tec­
tori al membrane and the organ of Corti it was concluded tha t  
stimulati on of I H C  wi l l  b e  di fferent from that o f  OHC . OHC 
s timulati on occurs by a firm contact between tectori al membrane 
and stereoci l i a . In young waltzing guinea pigs distortion of 
the ce ll s urfaces of the OHC w as found to be les s  than that o f  
IHC (se cti on 6 . 3 . 2 ) . There fore , i t  might b e  assumed that i n  
these animals OHC are almost normally s t imulate d  ( indication 
for this also comes from the near normal CM value s  in young 
waltzers ) . The refore , the possible expl anati on for the di f fe rent 
degeneration patte rn of the OHC affe rent ne rve s might be tha t , 
in the limited pe riod of p las ti ci ty of the deve loping auditory 
sys tem, these multiple branched affe rent nerve s  become suffi­
ciently exci tated by the great number o f  s l�ght ly a ltered OHC . 
When OHC be come s e ri ous ly deforme d ,  reaching di stortion grades 
comparab le to that of IHC in newborn and very young waltzing 
guinea pi gs , their affe re nt nerves have alre ady become "mature " .  
Then these nerves apparently have become les s  vulnerable , which 
is re flected in the s low degeneration proce s s . 
Con c l us i on 
The morphologi cal alte rations as observed in the sensory 
ce lls of young waltzing guine a  pigs are the expres s i on of an 
inborn de fe ct . These changes result in a lack of synaptic bars 
in the bas a l  zone of the I HC caused either by decre ased stimu­
lation due to the a l te red morphology of the tectori al membrane -
s te reoci lia - h air ce l l  top enti ty (hypothe s i s  I )  or/and by 
de creased s ensory ce l l  excitation due to an alte red membrane­
re lated bioe lectrical pathway (hypothesis I I )  • 
The affe rent nerves of the IHC degenerate secondary by a 
de crease of sufficient s timulation durin g  the vulnerable peri od 
of ' plas ticity ' o f  the audi tory nervous sys tem .  The afferent 
nerves of the OHC do not degenerate in thi s  peri od ; obvious ly 
the s e  nerve s are s ufficient ly s timulated by the less alte re d  
OHC t o  prevent de gene ration . 
The fi rs t expres s ion of the genetic de fect i n  waltzing guinea 
pigs might be re lated to the actin fi laments in the ce ll 
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periphery as a p art o f  the cytoskeleton or/and to the plasmarnem­
branes , which both i n  con j unction s e rve important membrane func­
tions . In the fi rs t cas e  the ce ll wi ll be hampered to maintain 
i ts shape (which i s  o f  utmost importance for the mech anics 
of sensory ce ll s t imul ation ) . I n  the se cond case the shape of 
the sensory cell might be influenced by altered osmoti c press ure . 
Nei ther of these pos s ibi lities could be excluded on morpho l­
ogical grounds . With incre asing age (di stortion 3- 4 )  de finite ly 
the acti n fi laments of the cytoske leton , the glycoprotein com­
ponent o f  the p lasmamernbrane and the actin filaments of the 
stere ocilia showed degenerative change s .  These late change s , 
however ,  appear to be not s pecific for the genetically i nduced 
de fe ct of wa ltz i ng guinea p igs . 
7 . 3 Gen e ra l  dis cus s i on 
I n  this s ection the data of the e lectrophysi ological re cord­
i ngs are di s cus sed together with the data of the morphological 
obs e rvations . The maturation process that was deduced from the 
e lectrophy s i ological results and from the morphology of the 
sens ory ce l ls in normal animals is dis cussed in se ction 7 . 3 . 1 .  
The inborn de generation of the sensory ce l l s  of the organ of 
Cor ti of wa ltzing guinea pigs wi ll be compared to the e le ctro­
physi ological a l te rations in s e c tion 7 . 3 . 2 .  For this purpose 
the cochleograrns are re late d to the e lectrophy s i o logical data . 
7 . 3 . 1  Norma l guine a pigs 
I n  the dis cussion on the re sults of e le ctrophysiology it 
was s tated that i n  newborn animals the amplitudes of AP and 
SP we re clearly lowe r than those recorded from older guinea pigs , 
whereas CM output was normal .  I n  guinea p igs aging over 7 hours 
SP and CM output b oth had mature leve l s , in contras t with the 
AP amplitudes . The AP amplitude i ncre ased with age and re ached 
mature values i n  animals aging over 1 wee k . 
I nterpre t ation of these re sults ( 7 . 1 . 3 ) was founded on re cent 
data from the l i te rature : according to intrace l lular recording 
technique s i t  was as sumed that SP comes mainly from the IHC , 
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whe re as CM i s  generated by the OHC { Russe l l  and S e l l i ck ,  1 9 7 7 a ,  
b ,  19 7 8 :  Dal las e t  a l . , 1 9 8 1 ) . Both SP and CM {being the gener­
ator potenti als ) are believed to be generated in the receptor 
pole of the hair ce lls {Dallas , 1 9 7 3 ) , whi ch is common ly re lated 
to the api cal and subapical zon e s  of the sensory ce lls . 
Thus i nterpreted , i t  might be concluded that i n  young normal 
animals the hair ce lls we re stimu lated to the s ame degree as 
in older guinea pigs . Thi s  i s  con s i s tent with the morphologic al 
obse rvation of an i denti cal cytoarchi tecture o f  the s te re oci lia 
and the api cal z one as i n  olde r animals . C onsequent ly , the matu­
rati on process that was found for the AP amplitude must be re­
lated to the more b as a l ly located zones of the IHC {including 
the synapse)  or to the affe rent nerves . The morphological alter­
ati ons in normal guinea pigs were limited to the bas a l  zone o f  
the IHC : i n  the fi rs t week of l i fe synapti c bars incre ased i n  
s i ze . From this obse rvation it w a s  con c luded { 7 . 2 . 2 ) that the 
maturation proce s s  as found for AP i s  locate d  i n  the basal zone 
of the IHC . Thi s  maturation process of the sensory ce l l  take s 
about 1 week , both morphologically and e le ctrophysi ologically . 
How this ma turation process should be trans late d  i n  terms 
of de ve lopmental ce ll biology and how this change re sults in 
incre ased sensory ce ll excitation { the b ioe lectrical pathway) 
mus t be furthe r i nves tigate d .  
7 . 3 . 2 Wa l tz i ng guinea pigs 
In order to enab le corre lation be tween the age-re late d  
e le ctrophysiological data and the age- re lated h a i r  ce l l  top a l ­
te rati ons averaged coch leograms were calculated de scribing the 
mea n  hair ce ll loss and the mean s ur face di storti on for each 
group of wa ltzing guinea pigs { 6 . 3 . 2 ) . These averaged cochlea­
grams showed that hair ce ll loss was neglectib le up to group 
5 i . e .  up to 9 days of l i fe .  Beyond thi s  age the percentage of 
mi s s ing hai r ce lls s teadi ly i ncreased up to a near ly complete 
loss in group B .  H ai r  ce l l  dis tortion was present in all groups 
and progre s se d  wi th i ncre as ing age . Whe reas the region s  of the 
cochlea showing hair ce l l  los s were i n i ti a l ly re lated to the 
upper p art of the basal turn and the upper basal turn , the 



























































Fig. ?-5: Mean hair ceZZ distortion (shaded) and hair ceZZ Zoss (bZaak) 
of IHC and the corriJination of OHC at the 6 and 8 T1TTI region and 
of the OHC at the 2� 3� 4 mm region of the basilar membrane as 
aaZauZated for each group of waZtzing guinea pigs. 
f 
degree of distortion of the hair ce lls incre ased from the b a s al 
turn upwards to the apical turn . Within e ach group of waltzing 
gui ne a pigs the b asal part of the cochlea was less affe cted 
th an the 6 mm and 8 mm region s  of the organ of Corti with re­
spe ct to hair ce ll loss and hai r cel l  distortion . This might 
explain the registration of almost normal CM in most groups 
of waltzing guinea pigs . 
In orde r to weigh the rel ative contribution of both di s tor­
ti on and h air ce l l  loss for e ach section of 1 mm of the organ 
of Corti the amount of distortion and the percentage of hair 
ce l l  loss (Fi g .  7-5 ) were c lass i fied i nto s-i grades according 
to table 7-I . Thi s  was done for IHC and the combination of OHC 
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Tab le 7-I: Classi�aation of hair ae ll distortion and hair ae ll loss in 
5 structural-integrity (s-i) grades of sensory ae Z Z  defornration. 
s-i grade dis tortion grade h ai r  ce ll loss 
0 0 0 - 1 0  % 
I 1 0 - 1 0  % 
II  1 10 - 2 5  % 
2 0 - 1 0  % 
I I I  1 2 5  - 5 0  % 
2 1 0  - 2 5  % 
3 0 - 10 % 
IV 1 5 0  - 1 0 0  % 
2 2 5  - 1 0 0  % 
3 1 0  - 1 0 0  % 
4 0 - 1 0 0  % 
s-i stands for s tructural-integri ty of the s urface 
of the sensory ce l ls . 
separate ly . The thus obtaine d  q uantitative morphological data 
we re corre lated wi th the e le ctrophysi ological dat a : the mean 
10 kH z AP shift ( as de fined in chapter 7 . 1 . 4 ) was compared to 
the mean IHC data at the 6 mm region ; the mean 4 kH z AP shift 
to those o f  the IHC at the 8 mm region ; the mean 1 0  kH z SP data 
to those of the IHC at the 6 mm region and the mean CM shi f t  
t o  the mean OHC data of the 2 ,  3 and 4 mm region together .  The 
j ustifi cation of the choi ce of the s e  regions was di scussed in 
se ction 7 . 1 . 2 .  The 2 ,  3 and 4 mm region was chosen being the 
part of the cochlea that gene rates most of the CM recorded with 
a round wi ndow e lectrode (Dallas , 1 9 7 3 ) . 
From these data corre lation coe f fi cients could be calculated , 
whi ch are given i n  table 7-I I .  
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Table 7-II: Corre lation coefficients as calculated from the group data 
of waltzing guinea pigs . 
corr . coe f f .  n 
mean 10 kH z AP shi ft IHC 6 rnrn 0 . 9 6 5 
II 4 kHz AP " IHC 8 rnrn 0 . 9 2  5 
II 1 0  kH z SP " IHC 6 rnrn 0 . 89 7 
" CM " OHC 2 , 3 , 4  rnrn 0 . 9 5  8 
These corre lati on coeffi cients evidently suggest a re lation­
ship between the structural integrity of the surface of the 
sensory ce lls , being the combi nation of hair ce l l  dis tortion 
and hair ce l l  loss , wi thin the section of 1 rnrn and the mean 
shi ft of the AP , SP and CM . This relationship therefore provides 
s trong evidence towards the fi rst hypothesis that was stated 
in section 7 . 1 . 4 : change d mi cromechanical properties of the 
tectori al membrane - s te reocilia - hair cell top entity lead 
to impaired s timulation of the sensory ce lls in the regions 
s tudied . Additiona l morphological support for this theory can 
be deduced from the observation of a double row of impres s i ons 
o f  OHC-stereoci lia on the underside o f  the tectori a l  membrane , 
s ugge s ting that during a limi ted period a re-orientation of 
the ste reocilia wi th respect to the tectorial membrane occurs 
( 6 . 3 . 2 . 2 ) . 
In figure 7-6 a l l  i n d i v i d u a l electrocochleo­
graphical data are re lated to all i n d i v i d u a l morphol­
ogi cal data c l ass i fied according to table 7-I . The se s catter­
grams i l lustrate , that the i nner ears with IHC-surface alter­
ations s-i grades III and IV in the s timu lated region , did not 
generate any AP , despi te the fact that according to the SP 
s cattergrarns in some of these inner ears the remaining sensory 
ce lls s t i l l  were stimulated to some extent . Thi s  observation 
makes i t  likely that i n  these IHC mainly the membrane-re lated 
bioelectrical pathway and the afferent nerves were unable to 
transmit the stimulus . This is consi s tent with the severe 
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Fig. 7-6: Scattergrams of the relationship be�een the shift of the 10 kHz 
AP, 4 kHz AP, 10 kHz SP and CM and the dEformation of the IHC 
at the 6 mm, 8 mm and 6 mm region and the OHC at the 2, 3, 4 mm  
region of the basilar membrane recpective ly. 
Black: groups 1-5; stars : groups 5-B. 
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Fig. 7-7: Standa:r>d deviations of the mean amplitudes in lJV of the 10 kBz 
and 4 kBz AP and the 10 kBz SP. and in dB of the mean stiTTTUZus 
intensity to generate 10 llV CM output as caZouZated for hair ce ll 
deformation s-i grades I and II of all waltzing guinea pigs up 
to group 6. 
morphological alte rati ons as found in the plasmamembranes , the 
cytoske leton and the acti n  bundles of these sensory ce lls and 
the de generation of the affe rent nerves of the IHC . 
I n  the inner ears showing minor a lterations and hardly any 
loss of sensory ce lls {s-i grades I and I I )  IHC stimulation 
as re f le cted in the SP value s was lower than normal . Yet , not 
from al l of these inner e ars , showing the earliest dete ctible 
expres s i on of the genetic defect , an AP response could be re­
corded . In order to inte rpre t  the e f fe ct of these s light sensory 
ce l l  top alterations on e lectrophysiology mean amplitudes were 
cal culated for 10 kH z AP ,  4 kH z AP and SP respective ly for 
all animals up to group 6 .  The se data are given in figure 7- 7 .  
The mean s timulus intens i ties and the i r  standard deviations as 
calculated for 1 0  lJV CM are given in the same figure . 
It h as been shown in the discus s ion on e lectrophysiology 
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( 7 . 1 . 4 ) of waltzing guinea pigs that the IHC most like ly are 
les s  stimulated than normal , whereas the OHC generate almost 
normal generator potentials . Thi s  was consistent wi th the dis ­
tributi on o f  the morphological alte rations of the hair ce l l  
tops . F rom figure 7- 7 i t  might b e  concluded that for I H C  the 
e ffe ct of a sl ight increase of sensory cell top dis tortion 
( di s t  1 to dis t  2 )  on s ensory ce l l  s timu lation (SP + CM) i s  only 
minima l . In contrast w i th these data the 10 kHz and 4 kH z AP 
mean amplitudes were c learly smaller in case of sensory ce l l  
deformation s - i  grade I I .  Therefore , thi s  observation gives s up­
port to the conside ration that not only the sensory ce l ls become 
les s  stimulated by the morphological alte rations of the hair 
ce l l  tops , but also that transmiss ion o f  the s timuli by the bio­
e le ctri cal pathway of the sensory ce l l s  becomes progres s ive ly 
inhibited . 
Con c lus ion 
As was di scus sed in the se ction on morphology of waltzing 
guinea pigs ( 7 . 2 . 3 ) i t  is like ly from the mode and the sequence 
of the morphologi cal a l te rations of the sensory ce l l s  to assume 
the expre s s i on of the genetically induced lesion to be locali zed 
primari ly in the pl asmamemb rane or/and i n  the actin filaments 
dire ctly beneath the plasmamembrane , whi ch in con j unction serve 
many membrane functions and ce ll s tabi l i ty . To cons i de r  such 
a de fect is attractive from a functional point of view too , 
s ince thi s  could give an answe r  to the que s ti on why hair ce l l  
degeneration s tarts neonatally in the ( s ound prone? ) inner e ar . 
S uch a de fect , caus ing not only decreased sensory ce l l  s timu­
lation by the morphological change s o f  the hair ce ll top , would 
almos t ce rtainly inte rfere with the voltage sensi tive conductance 
mechani sm of the hair ce l l  (being part o f  the bioelectrical 
pathway) by a change o f  membrane res i stan ce (Hudspeth and 
Corey , 1 9 7 7 ) . It is not imaginary to conceive that the bioche­
mi cal capaci ty o f  malfunctioning p lasmamembranes to restore the 
afte r- e f fe cts of sound-induced depolari zati on s  progres si ve ly 
fai ls i n  these walt z i ng guinea pigs . 
One o f  the maj or limi tations of thi s s tudy , howeve r , i s  the 
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use of gross e le ctrodes to record AP ,  SP and CM res ponses . 
The refore , the membrane part of the above-mentioned assumption 
cannot be founded and i s  doomed to remain speculative up to the 
moment th at mi croe lectrodes introduced into IHC and OHC are 
use d  to record s timulus -re lated intrace l lular potentials and 





Chapte r 1 .  Waltz ing guinea pigs h ave been se lected as a mode l 
to s tudy the re lationship between alte re d  audi tory s ensory ce l l s  
a n d  auditory physiology by means o f  e lectrococh leography and 
e le ctron mi cros copy . F rom the animals wi th genetic deafness , 
the se waltzing guinea pigs have the advantage of showing the 
mos t  res tri cte d  morphologi cal alte rations in the inner ear . 
Chapter 2 .  The normal anatomy o f  the inner ear and especially 
the morphology o f  the organ of Corti of normal guinea pigs i s  
des cr ibed extens ively . Furthe rmore the stimulus- re lated poten­
ti a ls that can be re corded from the coch lea e lectrocochleographi­
cally are reviewed ,  b eing : compound action potential ( AP ) , s um­
mating potential ( S P )  and coch lear microphonic (CM) • 
Chapte r 3 .  The li terature con cerning waltzing guinea pigs indi­
cates that geneti cally induced hearing loss i s  initi ated in the 
early postnatal period and appe ars to be limited to the sensory 
ce l ls of the hearing organ and the ve stibular apparatus . I n­
itially the walls o f  the coch lear duc t  remain unalte red .  In 
animals aging over 3 0  days morphologi cal alterations are found 
in the audi tory central nervous system. In the neonatal period 
a stepwi se progres s ive heari ng loss occurs , leading to comp lete 
dea fness in 4 weeks . The e lectrophysiological literature is 
limi ted to the information that from waltzing guinea pigs aging 
over 6 we eks , apart from s ome CM , no e lectrical activi ty can 
be re corded from the i nner ears . 
Chapter 4 .  Because of the limi ted morphologic a l  alteration s , 
young waltzing guine a pigs are s ui tab le expe rimental animals 
to study age-re lated e lectrophys iologica l and morphological 
changes in orde r to assess the inte rre lationship be tween 
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e le ctrocochleography and a ltered morphology . To permi t i nter­
pretation of the morphological and e le ctrophysiologi cal alter­
ations of waltzing guinea pigs , normal guinea pigs of the s ame 
age had to be s tudied with the same methods . This i s  also e ssen­
ti a l  to localize the fi rs t s i te of expres s i on of the genetic 
de fect in waltzing gui ne a  pigs . 
Chapter 5 .  Thi rty- s ix normal guinea pigs and 90 waltzers were 
investigate d . Whe re as the e ar lies t  and mos t  important morphol­
ogi cal and e lectrophysiological a lterations were expected to 
occur neon atal ly , the animal s  were clas s i fi e d  into groups with 
an e xponenti al age distributi on . 
The e le ctrococh leographical experiments were carried out 
on anae s theti zed animals . Of two normal animals the influence 
of anae s thes i a  on arteria l  po2 , pco2 and pH was measured . 
The te chniques used to record the vari ous e lectrocochleographi­
cal res ponses and to generate the audi tory s timuli are outlined . 
The frequency o f  the toneburst stimuli used in the experi­
ments was analysed wi th a tone-on-tone masking technique to 
produce re lati ve AP tuning curves . 
Finally the methods used to prepare the cochleae for s canning 
e lectron mi croscopy (SEM) and transmi s s i on e lectron microscopy 
(TEM) are defined . 
Chapter 6 .  The e lectrocochleographical res u l ts of n o r m a l 
guinea pigs i ndicated that during the fir s t  week of l i fe a matu­
rati on proce s s  occurre d .  Thi s  maturation process caused the 
AP amplitude to incre as e , whereas SP and CM remained unchanged .  
Only i n  the newborn animals the S P  amplitudes were decreased 
too . 
Except for the CM the e lectrocochleographical data from new­
b orn hl a l t z i n g guinea pigs were clearly lower than those 
recorded from normals . The AP ampli tude de creased wi th in­
creasing age . No AP could be registered from animals aging over 
2 1  days . The latency of the AP showed a shift towards longer 
latencies that was s tab le i rre spective of age . The SP could 
s ti l l  be recorde d i n  animals aging ove r 21 days ; this amplitude 
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s t arted to de crease rapidly i n  animals aging over 3 3  days , 
fi nally le ading to a comp lete loss of detectab le SP . The CM 
was subnormal up to an age of 3 3  days , but rapid diminution 
of CM was recorde d at first in animals aging over 6 4  days . 
Submi cros copi cal i nvestigation of the organ of Corti of 
n o r m a Z guine a p i gs reve aled alterations that were limited 
to the basal z one of the IHC and occurred during the first 
week of li fe on ly . Ini ti a l ly only synapti c ves i c les were presen t .  
From an age o f  2 days synaptic b ars could b e  found . During the 
fi rs t week o f  li fe the si ze and the number of these synap ti c  
b ars we re found to i ncrease . 
The alte ra ti ons that occurre d i n  the inner e ars of 
w a Z t z i n g guinea pigs were only re lated to the sensory 
ce l l s . All h ai r  ce l ls of the organ of Corti were involve d ,  
albeit that I H C  and OHC 3 were mos t ly affe c te d .  Sensory ce l l  
de formation cons iste d  o f  e levation o f  the upper ce ll margins 
initial ly le aving the hair bearing central part unaffecte d .  
With incre as ing age the e ntire cel l  surface and the stereoci l i a  
be came i nvolve d .  The b as al z one of the I HC di ffered from normal 
whi le synaptic bars we re comp lete ly absent : only synaptic ves­
i cles we re found during the fi rs t days . W i th increasing age 
the innervating afferent nerves of the IHC degenerated , those 
of the OHC remained norma l .  Actual loss of hair ce l ls became 
apparent i n  animal s  aging over 9 days , being mainly re lated 
to the trans i tional z one b e tween the first and s econd turn . 
With i n crea s i ng age h air ce l l  los s  spreaded towards the apex 
and towards the base . The amount of hair ce ll di s tortion and 
hai r ce l l  loss was re corded i n  coch leograms . 
Chapter 7 .  The dis cussion deals with the methods used in the 
experiments and with the e lectrocochleographi cal and morphol­
ogical res ults of normal and waltzing guinea pigs . Finally the 
quanti tative e le ctrophysi o logical and morphological data are 
compared . 
i - Anaes thes i a  as given during the e lectrocochleographical 
experiments caused on ly moderate ly increase d  po2 and almos t  
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normal pco2 and pH values . From the re levant literature i t  could 
be conc luded that such change s did not influence the outcome 
of the ele ctrophysiologi cal experiments . 
ii - Interpre tation of the e le ctrococh leographical data as 
obtained from n o r m a l guinea pigs leads to the conclusion 
th at duri ng the first week of life a maturati on process occurred 
wi thin the IHC or the i r  afferent nerves .  In animals aging ove r 
7 hours both IHC and OHC were normally stimu lated by the audi ­
tory s timuli used . The morphologi cal alterati ons that took p lace 
con comi tantly cons is ted of the appearance of synaptic bars in 
the bas al zone of IHC . Such synaptic bars should be regarded 
to be the morphological corre late of sensory ce ll excitation . 
From the combi nation o f  e lectrococh leography and e lectron micro­
scopy i t  might be conc luded that the maturati on process as found 
for AP mus t  be re lated to maturati on wi thin the IHC . 
iii - Inte rpre tation of the alte re d  AP , SP and CM value s in 
w a l t z i n g guinea pigs leads to the conc lusion that in 
young animals e i ther the IHC were less s timul ated or that the 
membrane- re late d b ioelectrical pathway within the IHC was 
alte red . Both changes lead to decreased excitation of the af­
fe rent nerve s . The normal CM value s i ndi cate that middle ear 
di s orders we re abs ent and that gros s basi lar membrane mechani cs 
were normal .  From the morphologi cal a lte ration s in the apical 
zone and i n  the b asal z one of the IHC i t  might be deduced that 
the ch ange d hair cell top caused the sensory ce l l s  to become 
les s stimulated by alte red mech anical properties of the tec­
torial membrane - s te reoci lia - hair ce ll top entity . Another 
explanation for the s ame morphological alte rations might be 
a de fect b i oe lectri cal pathway wi thin the IHC . The lack of s uf­
fi cient exci tation caused the afferent nerves of the IHC to 
degenerate s econdary . I t  may be as sumed from the les s  alte re d  
ce l l  surface s  o f  the OHC and the probably di ffe rent mode of 
stimulation that the OHC were s ti ll adequate ly s timulate d . Their 
affe rent ne rves degenerated only after comp lete de struction 
o f  the OHC .  
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I t  mi ght be assumed th at the expre ss ion of the inborn lesi on 
i n  wa ltzi ng guinea pigs i s  primari ly re lated to a progres s ive 
de fe ct in the plasmamembranes or to the membrane- re lated actin 
fi laments of the sens ory ce lls . 
By comp ari ng the shift of the AP , SP and CM with the cochlea­
graphic data of the IHC or OHC in the s timulated region of the 
b as i lar membrane i t  can be conc luded that not only changed 
rni crome chani cal p roperties of the tectoria l  membrane - stere o­
c i l i a  - hair ce l l  top enti ty caused the shi ft of the e le ctro­
coch leograph i c  data , but a lso that the membrane-re lated b i oe le c­
tri cal pathway within the I HC degenerated wi th increasing age . 
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SAMENVATTING 
Hoofdstuk 1 .  Doe l van het onderzoek is inzich t  te verkrij gen 
in de wi j ze waarop veranderingen in de mor fo logie van het gehoor­
orgaan van i nvloed z i j n  op het functioneren daarvan . Daartoe 
werd bi j "wals "-c avi a ' s  e le ctrococh leografi s ch en e lectronen­
mi croscopis ch onderzoek ve rricht . Op de ze wi j ze kunnen z owe l 
ve randeri ngen i n  h e t  functioneren als oak veranderingen in de 
bouw van het gehoororgaan vas tge legd worden . Walscavi a ' s  behoren 
tot een cavia mutant waarbij con genitaal een progressief gehoor­
verlies optreedt . 
Hoofdstuk 2 .  Omdat in dit onde rzoek het verband tus sen mor­
fologie en e lectrofysiologie bestudeerd werd , wordt tevoren 
ui tvoerig de bouw van het normale gehoororgaan en de normale 
e le ctrofysiologie , z oals die met een macroelectrode van de 
cochlea ge re gi s t reerd kan worden , beschreven . 
Hoofds tuk 3 .  De lite ratuur , die van walscavi a ' s  bekend i s , 
bes ch ri j ft vri jwe l a l leen de morfologie van h e t  veranderde 
gehoor- en evenwi chtorgaan . De ze morfologis che gegevens maken 
duide lijk , dat de aangeboren afwi j k i ng zi ch beperk t tot de zin­
tuigce l van zowe l gehoor- als evenwi chtorgaan , en dat de overige 
strukturen van he t binnenoor pas bi j dieren ouder dan 1 j aar 
afwijkingen gaan ve rtonen . Degeneratieve veranderingen in het 
audi tieve centrale zenuw s te ls e l  treden eerst op na 30 dagen . 
Het gehoor van wals cavi a ' s ,  zoals vastgeste ld b i j  gecondi tio­
neerde dieren , neemt gedurende de e erste 2 8  levensdagen af , 
waarna een vo lledig gehoorve rlies i s  opgetreden .  De e lectrofys io­
logis che i nformatie beperkt z i ch tot de bevinding dat van proe f­
dieren ouder dan 4 weken , behalve coch leaire mi crofonie , geen 
e lectrische potentialen kunnen worden afge leid .  
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H oo fds tuk 4 .  Door de geringe morfologis che afwijkingen in h e t  
gehoororgaan van j onge walscavia ' s  zi j n  de ze dieren ge s chi k t  
voor he t bes tuderen van d e  s amenhang tus sen de submi cros copische 
ve randeringen i n  de z intuigce l en veranderingen in de e lectro­
fy s iologie . 
Teneinde inte rpretatie moge li jk te maken van de bi j waltzers 
gevonden afwi jkingen dienden normale proe fdie ren onder de ze l fde 
omstandi gheden onde rzocht te worden . Di t i s  vooral ook van 
be lang voor het beantwoorden van de vraag , waar in de zintuigce l 
de aangeboren afwi jking het eers t  tot ui ting komt . 
H oo fdstuk 5 .  Bes tudee rd werden 9 0  wals cavi a ' s  en 36 normale 
cavi a ' s .  Omdat , op grand van de lite ratuurgegevens , de be lang­
ri jkste verande ringen bi j de j ongste proefdieren verwacht werden, 
werd een z odanige i nde ling in 8 groepen gekozen dat het accent 
met name op het be studeren van de ze j ongste dieren kwam te 
l iggen . 
E le ctrocochleografi s che afleidingen vonden plaats bi j genar­
cotis eerde proefdieren . B i j  2 normale proefdieren werd de i n­
vloed van de ze narcose op de vers chi l l ende arteri e le b loedgas­
waarden onde r z ocht . 
De te chniek waarmee de e le ctri sche potenti alen van he t ronde 
venster van de coch le a  afge leid werden , wordt i n  di t hoofd s tuk 
besproken . De afge leide potentia len z i j n : de s amenges te lde 
actiepotenti aal (AP) , het ge lijkstroompotenti aalverschi l ( S P )  
e n  de cochleaire mi crofonie ( CM ) . 
Met behulp van een toon op toon maskeerte chniek werd bi j 
2 normale proefdieren vastge ste ld we lk gebied op de basi lair 
membraan van het gehoororgaan gestimuleerd werd door de gebruik­
te ge lui dss timuli ( 4  kHz en 10 kH z toonstootj e s )  . 
In di t hoofds tuk worden verder de methoden besproken vi a 
we lke de coch le ae gepreparee rd werden voor scanning (SEM) e n  
transmi s s i e  (TEM) e le ct ronenmicroscop i s ch onderzoek . 
Hoofds tuk 6 .  Uit de resultaten van de e le ctrococh leografi sche 
afleidinge n  van n o � m a Z e proefdieren b leek dat vooral 
gedurende de eerste levensweek een vergroti ng van de amp lituda 
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van de AP optrad , terwi j l  de overige e lectrocochleografi sche 
poten tia len niet in grootte toenamen . Een ui tzonde ri ng hierop 
vormden pasgeboren cavi a ' s ;  bi j de ze dieren was beha lve de 
AP ook de SP ampli tuda lager dan normaa l .  
De e le ctrococh leografis che afleidingen van de w a Z s -
c a v i a ' s toonden een afnemende amplituda van de AP met 
toenemende leefti j d .  Van de ze AP was , onafhanke lij k van de lee f­
ti j d ,  de latentieti j d  toegenomen . B i j  diere n  ouder dan 21 dagen 
kon geen AP meer worden afgeleid . De SP was dan nog aanwe z i g ,  
zi j he t dat ook hiervan de amp l i tuda reeds vanaf de geboorte 
lage r was dan normaa l .  B i j  dieren ouder dan 3 3  dagen nam de 
SP in grootte snel af tot onmeetb aar lage waarden . De CM was 
normaal tot subnormaal tot een lee fti j d  van 33 dagen , daarna 
waren aanzienl i j k  s terkere ge lui ds s timuli nodig om CM op te 
wekken . 
B i j  he t morfo logi sch onderzoek van n o r m a Z e cavi a ' s  
b leek dat i n  de b as ale zone van de binnenste haarce llen gedu­
rende de eerste 2 levensdagen geen " synapti c bars " ,  maar al leen 
" synaptic vesi cle s "  aanwezig ware n .  Synapti c bars werden we l 
ge zien i n  de zi ntuigce l len van oudere die ren , waari n zi j gedu­
rende de eerste week i n  aantal en grootte toenamen . 
De morfo logi s che afwi jkingen b i j  w a Z s c a v i a ' s 
be troffen in eerste instantie alleen de haarce ltop : het n iveau 
van de cuti cula , me t ui tzonde ri ng van het ste reoci lia dragende 
gedee lte , was verhoogd . Me t toenemende lee f ti j d  nam de ze afwi j ­
k i ng toe , waarbi j ook de stereoci lia i n  hun gehe e l  naar hoven 
ve rpl aatst werden . I n  tweede i n stantie werden afwi j ki ngen in 
de basale zone van de b i nnenste haarce llen z i chtbaar : een vol­
ledi g on tbreken van " sy n apti c bars " . Daarna degeneree rden de 
i nne rverende affe rente z enuwve z e ls . Tenslotte ve rn auwde z i ch 
he t s ubapicale gebied van z owe l de bi nnenste als de bui tenste 
haarce l len en werd de h aarce ltop ui tgestoten . De mate van di s­
tors ie van de h aarce ltop en het pe rcentage haarce lve r lies van 
e lke cavi a werden gekwanti fi ceerd i n  cochleogrammen . De onde r­
zi j de van de te ctoriaal membraan toonde soms een verdubbe ling 
van de afdrukken van de stereoci lia van de bui tenste haarce l le n .  
Afdrukken van de ze s tereoci lia k onden zelfs aangetoond worden 
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in de te ctori aal membraan van een walscavia ouder dan 1 j aa r ,  
waarb i j  h e t  gehe le orgaan van Corti reeds lang gedegenere e rd 
was .  
Hoofdstuk 7 .  
i - De anae s thesie , zeals ti j dens de experimenten gegeven , b leek 
dus danig geringe veranderingen in de po2 en pco2 alsmede i n  
de pH van arterieel b leed t e  veroorz aken , dat hiervan geen in­
vloed op de e lectrococh leografi s che re gistraties te verwachten 
was . 
ii - In de dis cussie over de e lectrocochleografi s che res u ltaten 
van de n o � m a Z e cavi a ' s  wordt geconcludee rd dat in het 
gehoororgaan een ri jpingsproce s  optreedt gedurende de eers te 
levensweek . Di t proces i s  of gere lateerd aan de zintuigce l z e l f  
of aan d e  afvoerende affe rente zenuwve z e l .  Bij  dieren ouder 
dan 7 uur worden zowe l de b i nnenste als de buitenste haarce l len 
"normaal "  ges timuleerd . Op grand van de gevonden morfolog i s che 
ve randeri ngen i n  de b as a le zone van de h aarce llen ( synapti c 
bars ) van de ze dieren kan aangenomen worden dat het rijpingspro­
ces in de normaal ges timuleerde zintuigce l optreedt en de eerste 
levensweek voortduurt . 
iii - De e lectrococh leografi sche veranderingen zeals gevonden 
b i j  w a Z s a a v i a 1 s kunnen ve rk laard worden door 1 )  
vermi nderde s timulatie van de binnenste haarce llen , 2 )  vermin­
derde "bi oe le ctri s che " transmi ssie vi a de normaal ge activeerde 
b i nnenste haarce l ,  of 3 )  door een niet synchroon optreden van 
de depolari s ati es van de afferente zenuwve zels . Op grand van 
de normale vorm van de AP en het fei t  dat oak de SP afwi jkt 
li j k t  de ze l aatste hypothes e  minder waars chi j nlijk . De gevonden 
morfologis che a fwi jki ngen in de top van de zintuigcel van j onge 
waltzers li jken vooral te passen b i j  een verminderde s timu l atie 
van de h aarce l .  Aangezien e chte r de eerste expre s s ie van de 
aangebore n afwi j king waarschi j nlijk in de ce lmembraan of de 
direct hierb i nnen ge legen acti ne fi lamenten ge localiseerd i s , 
mee t oak de tweede mogelijkheid als de oorzaak van de gevonden 
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e lectrocochleografis che verande ringen overwogen worde n .  I n  e lk 
geval li j k t  di t proces van verrninderde excitatie tot degeneratie 
van de a f fe rente zenuwve ze ls van de b innenste haarce llen en 
van de centrale audi tieve zenuwb anen te leide n .  Kenn e l i j k  i s  
voor e e n  norrnale ontwikke ling v a n  dit dee l  van het centrale 
zenuws telse l een adekwate auditieve prikke l onontbeer l i j k . 
Pas vee l  late r ,  als ook de buitenste h aarcel len niet rneer ges ti ­
muleerd worden , degenereren ook h i e r  d e  afferente zenuwve ze l s . 
In de h a arce l ze lf degenereren dan ook het cytoske l e t ,  de 
s te reoci l i a  en de celrnembraan . 
Door de gevonden e le ctrocochleograf i sche a fwij kingen bi j 
waltzers te re lateren aan de gekwanti f i cee rde morfologische 
afwi jkingen ,  kan aanneme lijk gernaak t worden dat gedurende het 
morfologis che degeneratieproces niet a l leen de binnenste haar­
ce llen van he t orgaan van Corti verrninderd ge stimuleerd worde n ,  
maar dat ook , me t toenemende lee fti j d ,  een verminderde 
"ele ctri s che " transmi ssie door de h aarce l optreedt leide nde 
tot een vo lle dig (electrocochleografi s ch )  gehoorve r l ie s .  
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Table 6-XI I I : Cochleographi c data des cribing hai r  ce ll los s 
and hai r  ce ll dis tortion o f  all waltzing 
guinea pigs s tudie d  by SEM . 
1 72 
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DANKWOORD 
Gedurende het onderzoek en bij  het tot s tand komen van di t 
proe fs chri ft heb ik van ve len medewe rk ing ondervonden . Van hen 
dient als eerste genoemd te worden John Ooste rbaan , die vanaf 
he t prilste begin van het onderz oek het materiaal bewerkte voor 
SEM en TEM. Hi j is degene die in de loop der j aren ge leide l i j k  
de technieken w i s t  t e  perfectioneren waarmee h e t  moge l i j k  werd 
he t gehoororgaan als een gehe e l  in te bedden . In de tweede 
pl aats be dank ik Hans Segenhout die verreweg het grootste dee l  
van de i n  di t proefs chri ft bewerkte e le ctrocochleografi s che 
gegevens ui terst be trouwbaar registreerde . Hij onderhield de 
lopende kontakten met de heer J .  Louwe s van het Centraal D i e ren 
Laboratorium (Hoofd :  drs . H .  Dikken ; bedri j fs leide r :  J .  B e rends) , 
waar de cavi a ' s  gekweekt en gehuisvest werden e n  deed i n  een 
latere fase van het onderzoek een dee l  van de inbeddingen voor 
de e le ctronenmicroscopie . Z i j  waren de h arde werkers op de 
achtergron d  en dienen nu maar eens op de voorgrond geplaatst 
te worde n .  
Wat be tre ft de feite li j ke studie ; het was vooral m i j n  e e r s te 
promotor P ro f . Dr .  J . D . J .W .  B leeker die mij stimuleerde i n  het 
onde rzoek aan wals cavi a ' s en die , waar nodi g ,  m i j n  experi­
menteerdri f t  wist te k analisere n .  Ik dank hem voor de krit i s che 
wi j ze waarop hi j ,  gebruik makend van z i j n  grate kennis van de 
betre ffende mate rie , de manuskripten bekommentari eerde . Onde r 
leiding van mi jn tweede promotor Pro f . Dr .  I .  Molenaar groeide 
dat manuskript uit tot h e t  boek j e  dat nu voor u ligt . I n  di t 
uren durende proces leerde hi j mi j vooral de e igen onde r z oek­
res ultaten kriti s ch te be oorde len en logika te brengen in het 
ges chreve ne . Ik dank mi j n  co-promotor P rof . Dr . P . E .  Hoeksema , 
onder wiens leiding mi j n  spe ci alis atie tot kee l-neus -oorarts 
p l aatsvond , voor de beoorde ling van de tekst en de inhoud van 
di t proe fs chri ft . Z i j n  s ugge sties waren evenzove le ve rbeteringen. 
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Ve rder gaat mi jn dank ui t naar He ro Wit . Z ander z i j n , reeds 
vaker geroemde , didakti s che en te chnische gaven , zonder z i j n  
overzi cht over d e  omvang van he t onderzoek e n  zonde r  zi j n  goe de 
research-mentalitei t  zou he t e lectrococh leografis che onderzoek , 
zeals in dit proe fs ch ri ft beschreve n ,  nooit plaatsgevonden 
hebben . 
Be rgen werk we rd verzet door degenen die i n  de " schri j f "- fase 
van het proe fs chri ft hun medewerking verleenden . Van hen moeten 
genoemd worden Mei ndert Gos linga en Hemme Meiborg , die re spek­
tieve li jk de grafieken c . q .  tabe l len en het fotografisch mate­
ri aal ve rzorgde n .  Grote waarde ri ng heb ik voor Joke Wi lkens , 
die ten behoe ve van de ve le versies van het manuskript fe i lloos 
zo ' n  2 5 0 . 0 0 0  woorden aan de typemachine wis t  te ontfutse len 
en die ve rantwoorde li jk is voor de lay-out van di t proefschri ft . 
Ik dank mi j n  s choonvade r voor h e t  k orrigeren e n  k ontro leren 
van be langri jke de len van de tek s t . 
Tot s lot dank i k  de niet b i j  name genoemden ,  s t a f  en 
ass i s tenten van de KND-k liniek , die mi j gedurende ve le j aren 
de ruimte hebben gegeven om het onde rzoek uit te voeren en die , 
vooral de laat s te maanden , toestonden dat ik vee l  ti j d  vri j ­
maak te voor h e t  werk aan di t proefschri f t .  E . e . b . b . i . t .  
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